University of Wollongong

Research Online
University of Wollongong Thesis Collection
2017+

University of Wollongong Thesis Collections

2021

TOWARDS MRI-GUIDED GANTRY-FREE RADIATION THERAPY:
QUANTIFYING DEFORMATION AND PATIENT TOLERANCE
Jarryd Buckley
University of Wollongong
Follow this and additional works at: https://ro.uow.edu.au/theses1
University of Wollongong
Copyright Warning
You may print or download ONE copy of this document for the purpose of your own research or study. The University
does not authorise you to copy, communicate or otherwise make available electronically to any other person any
copyright material contained on this site.
You are reminded of the following: This work is copyright. Apart from any use permitted under the Copyright Act
1968, no part of this work may be reproduced by any process, nor may any other exclusive right be exercised,
without the permission of the author. Copyright owners are entitled to take legal action against persons who infringe
their copyright. A reproduction of material that is protected by copyright may be a copyright infringement. A court
may impose penalties and award damages in relation to offences and infringements relating to copyright material.
Higher penalties may apply, and higher damages may be awarded, for offences and infringements involving the
conversion of material into digital or electronic form.
Unless otherwise indicated, the views expressed in this thesis are those of the author and do not necessarily
represent the views of the University of Wollongong.

Recommended Citation
Buckley, Jarryd, TOWARDS MRI-GUIDED GANTRY-FREE RADIATION THERAPY: QUANTIFYING
DEFORMATION AND PATIENT TOLERANCE, Doctor of Philosophy thesis, School of Physics, University of
Wollongong, 2021. https://ro.uow.edu.au/theses1/999

Research Online is the open access institutional repository for the University of Wollongong. For further information
contact the UOW Library: research-pubs@uow.edu.au

TOWARDS MRI-GUIDED GANTRY-FREE
RADIATION THERAPY: QUANTIFYING
DEFORMATION AND PATIENT TOLERANCE

A Dissertation Submitted in Fulfilment of
the Requirements for the Award of the Degree of

Doctor of Philosophy
from

UNIVERSITY OF WOLLONGONG

by

Jarryd Buckley
BMedRadPhys, MSc

Centre for Medical Radiation Physics, School of Physics
Faculty of Engineering and Information Science
2020

CERTIFICATION

I, Jarryd Buckley, declare that this thesis, submitted in fulfilment of the requirements
for the award of Doctor of Philosophy, in the Centre for Medical Radiation Physics,
School of Physics, Faculty of Engineering and Information Science, University of Wollongong, is wholly my own work unless otherwise referenced or acknowledged. The
document has not been submitted for qualifications at any other academic institution.

Jarryd Buckley
01 September 2020

Dedicated to
Dedicated to Mum, Dad, Kate and Natalia.

Table of Contents
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

vi

1 Introduction
1.1 Overview of Problem . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1
3

2 Literature Review
2.1 Radiation Therapy for the Treatment of Cancer . . . . . . . .
2.2 Image Guided and Adaptive Radiation Therapy . . . . . . . .
2.2.1 Image Registration in Radiation Therapy . . . . . . . .
2.3 Magnetic Resonance Imaging in External Beam Radiotherapy
2.3.1 Magnetic Resonance Imaging . . . . . . . . . . . . . .
2.3.2 MRI-Guided External Beam Radiation Therapy . . . .
2.3.3 MRI-Only Radiation Therapy . . . . . . . . . . . . . .
2.3.4 Generation of Synthetic CT from MR-Images . . . . .
2.4 Patient Rotation in Radiation Therapy . . . . . . . . . . . . .
2.4.1 Patient Rotation For Proton and Heavy Ion Therapy .
2.4.2 Radiotherapy Bunker Design . . . . . . . . . . . . . . .
2.4.3 Cost Reduction . . . . . . . . . . . . . . . . . . . . . .
2.4.4 Patient Rotation For MRI-Guided Treatments . . . . .
2.4.5 Obstacles to Patient Rotation . . . . . . . . . . . . . .
2.4.6 Upright versus Horizontal Rotation . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

5
5
6
10
12
12
17
25
26
29
31
34
34
35
37
40

3 Anatomical Deformation of the Pelvis Due to Horizontal Rotation 44
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.2 Methods and Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.2.1 Rigid Motion Assessment . . . . . . . . . . . . . . . . . . . . . . 49
3.2.2 Non-Rigid Deformation Assessment . . . . . . . . . . . . . . . . 51
3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.3.1 Rigid Motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.3.2 Non-Rigid Motion . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

i

TABLE OF CONTENTS

ii

4 Dosimetric Implications of Horizontal Patient Rotation for Prostate
IMRT
71
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.2 Methods and Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.2.1 Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.2.2 Image Processing and synthetic-CT and Contour Generation . . 74
4.2.3 Contour Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.2.4 Treatment Planning . . . . . . . . . . . . . . . . . . . . . . . . 79
4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
4.3.1 Organ Motion Assessment . . . . . . . . . . . . . . . . . . . . . 84
4.3.2 Adaptive Planning Strategy Comparison . . . . . . . . . . . . . 88
4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
5 Human Tolerance to Horizontal
Scanner
5.1 Introduction . . . . . . . . . . .
5.2 Methods and Materials . . . . .
5.2.1 Pre-Imaging . . . . . . .
5.2.2 Imaging . . . . . . . . .
5.2.3 Post-Imaging . . . . . .
5.3 Results . . . . . . . . . . . . . .
5.4 Discussion . . . . . . . . . . . .
5.5 Conclusion . . . . . . . . . . . .

Patient Rotation within an MRI
111
. . . . . . . . . . . . . . . . . . . . . . 111
. . . . . . . . . . . . . . . . . . . . . . 112
. . . . . . . . . . . . . . . . . . . . . . 114
. . . . . . . . . . . . . . . . . . . . . . 115
. . . . . . . . . . . . . . . . . . . . . . 115
. . . . . . . . . . . . . . . . . . . . . . 117
. . . . . . . . . . . . . . . . . . . . . . 123
. . . . . . . . . . . . . . . . . . . . . . 130

6 Ongoing Development and Testing of the First Prototype Patient
Rotation System for the Australian MRI-Linac
131
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
6.2 Methods and Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
6.2.1 Considerations for the MRI Compatibility of Motor and Construction Materials . . . . . . . . . . . . . . . . . . . . . . . . . 135
6.2.2 Image Quality Assessment . . . . . . . . . . . . . . . . . . . . . 138
6.2.3 Prototype 1 - Device Build . . . . . . . . . . . . . . . . . . . . . 139
6.2.4 Prototype 2 - Couch Rotation . . . . . . . . . . . . . . . . . . . 143
6.2.5 Prototype 3 - Extended Couch Travel . . . . . . . . . . . . . . . 145
6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
6.3.1 Prototype 1 Results . . . . . . . . . . . . . . . . . . . . . . . . . 146
6.3.2 Prototype 2 Results . . . . . . . . . . . . . . . . . . . . . . . . . 151
6.3.3 Prototype 3 Results . . . . . . . . . . . . . . . . . . . . . . . . . 153
6.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
7 Summary
155
7.1 Quantify the magnitude and variability of pelvic deformation due to
horizontal rotation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

TABLE OF CONTENTS
7.2
7.3
7.4
7.5
7.6

iii

Quantify the magnitude of organ motion caused by horizontal rotation
and evaluate the impact on a radiation treatment . . . . . . . . . . . . 156
Quantify the tolerability of patients to horizontal rotation within an
MRI using psychometrically validated questionnaires and exit interviews 157
Develop and test the first prototype patient rotation system for the
Australian MRI-Linac . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
Discussion and Future Work . . . . . . . . . . . . . . . . . . . . . . . . 158
Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

Appendices
A Survey Questionnaires
A.1 Claustrophobia Questionnaire (CLQ) .
A.2 Modified State/Trait Anxiety Inventory
A.3 Fast Motion Sickness Test (FMS) . . .
A.4 Participant Comfort Questionnaire . .

164

. . . . .
(STAI)
. . . . .
. . . . .

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

165
166
167
168
169

B Australian MRI-Linac Patient Rotation System Design Criteria

170

References

216

Towards MRI-guided Gantry-Free Radiation Therapy:
Quantifying Deformation and Patient Tolerance
Jarryd Buckley
A Thesis for Doctor of Philosophy
Centre for Medical Radiation Physics, School of Physics
University of Wollongong

ABSTRACT
Delivery of external beam radiation therapy usually requires relative rotation between
the radiation source and the patient. Typically this is achieved by rotating the radiation around the patient using a gantry. An alternative approach is to instead
rotate a patient relative to a stationary radiation source i.e. gantry-free radiotherapy.
Removing the requirement of a rotating gantry would reduce the costs and space requirements for proton and heavy ion facilities, enable cheaper x-ray systems, facilitate
synchrotron-based x-ray treatments and offer a much more practical approach for integrating MRI with proton treatments in the future. In this thesis, four studies were
performed to address key barriers to gantry-free RT.
Anatomical changes caused by rotation need to be considered for gantry-free treatments. In chapter 3, global pelvic rigid and non-rigid deformation was quantified for
a cohort of 8 healthy participants rotated 360 degrees in 45-degree increments within
a radiotherapy dedicated MRI scanner. Rigid translations of the participants between
5.8 – 30.0 mm were observed, which were most substantial in the left-right direction.
Maximum displacement occurred at the 90 and 270 degree couch angles. Non-rigid
deformation was greatest around the external body surface, up to 28.0 mm in magnitude for some participants. Internal prostate, rectum and bladder motion was then
compared to the supine position for a cohort of 9 prostate cancer patients in chapter 4.
Organ motion was largest at the 180-degree (prone) couch position. Prostate motion
was < 2 mm in the left-right direction, 0 – 14 mm in the superior-inferior direction
and -11 – 4 mm in the anterior-posterior direction.
The impact of anatomical changes during rotation on a treatment plan was then evaluated by comparing plan metrics at each couch angle to the reference supine plan.
For each couch angle, three planning scenarios were trialled: a no adaption plan,
PTV-guided rigid shift plan and a full plan re-optimisation. Plans were created using
synthetic-CT images generated from each MR-image. No adaption to the reference
plan resulted in substantial underdose to the prostate, a reduction in bladder dose and
increased rectum dose in some cases. Rigidly shifting treatment beams to the current
prostate position at each couch angle improved PTV coverage, however coverage was
still inferior to the reference plan in many instances. Re-optimisation of the plan at
each couch angle resulted in equivalent dose coverage to the reference plan. For both
the rigid shift and re-optimised plans, rectum dose was lower than the supine position
between 90 and 225-degree couch angles, while bladder dose was not impacted by ro-

tation.
Patient acceptance to rotation combined with MRI was also unknown. In chapter
5, the tolerability of rotation within an MRI scanner was studied on a cohort of ten
healthy participant’s and nine prostate cancer patients. Participants were rotated in
45-degree increments and paused, representing a multi-field intensity modulated radiation therapy treatment. An MR image was acquired at each angle. Participant’s
anxiety and motion sickness were assessed before and after imaging. The significance of
the change in a participant’s score was evaluated using Wilcoxon signed rank tests. A
post-imaging comfort questionnaire and exit interview were administered and content
analysis was performed on exit interview transcripts. Eight of ten healthy and eight
of nine patient volunteer’s completed the imaging session. Mean anxiety scores before
and after imaging were 7.9/100 and 11.8/100 respectively (p = 0.26). Mean motion
sickness scores before and after imaging were 5.3/100 and 13.7/100 respectively (p =
0.02). Most participant’s indicated likely acceptance of rotation if MRI were to be
used in a hypothetical treatment. Physical discomfort was reported to be the biggest
issue with rotation.
In chapter 6, the development of a prototype patient rotation system for the Australian MRI-Linac is described. A fibreglass design, with aluminium support below
the imaging volume was found to maintain sufficient MR-image quality. Couch rotation did not substantially impact image quality, however metal components in the
base of the couch caused some image distortion and non-uniformity in the lower region
of the image for steady state gradient based sequences. This will have implications for
real-time imaging during treatment.
This thesis has found that horizontal patient rotation will produce anatomical deformation and internal organ motion. Rigid adaption of a treatment using real-time
imaging is a requirement if treatment is to be safely delivered. Re-optimisation of
a treatment plan for each patient position will further improve dose coverage. Most
participants found rotation with MRI to be acceptable, although comfort of the device
could be an issue. A patient rotation device can be successfully integrated with an
in-line MRI linac provided metal within the imaging volume is reduced.

KEYWORDS: MRI-Linac, Rotation Radiotherapy, Deformation, Radiotherapy,
Image-Guided Radiotherapy

Acknowledgements
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Chapter 1
Introduction
Radiation therapy (also called radiotherapy) is a cancer treatment that uses high
radiation dose to kill cancer cells. The radiation causes cellular DNA damage through
energy deposition via ionisation interactions which, if the cell is unable to repair this
damage, results in cell death. Since radiation causes damage to all tissue it interacts
with, the primary goal of radiation therapy is to deliver a therapeutic dose of radiation
to the treatment site while giving the smallest amount of radiation to the remaining
tissues [1]. To help achieve this objective with External Beam Radiation Therapy
(EBRT), the radiation beam can be rotated relative to the patient in order to intersect
the treatment site from multiple angles. Achieving different beam entry angles to
patient anatomy is conventionally achieved by a rotating gantry. The gantry may be
used to rotate to fixed static positions while delivering dose or can be rotating during
dose delivery. In both cases a rotating gantry construction is required. These systems
require complex engineering and high precision with an associated substantial cost,
particularly for protons, heavy ions and MRI-guided photon treatments. In the case
of synchrotron-based treatments, which are currently in pre-clinical research [2, 3, 4],
rotation of the source is not feasible, and the object of irradiation is instead rotated
relative to a fixed radiation source.
1

2

Patient rotation for radiation therapy is potentially limited by deformation in the
anatomy caused by rotation, which in turn will compromise a radiation treatment if
it is not accounted for [5]. Fortunately, the last two decades have seen large clinical
uptake of image guidance during treatment such as mega-voltage and kilo-voltage 2D
imaging, 3D cone-beam CT, CT-on rails and most recently MRI-guidance [6]. These
technologies provide greater certainty in the position of organs relevant to treatment,
and allow the confidence to deliver higher doses more conformally to a target, which can
be adapted based on current anatomy [7]. These advances open up the opportunity to
apply this technology to correct for gravitational deformation during patient rotation.
Although the magnitude of organ motion in the lying versus standing [8], or lying on
the back versus the stomach has been studied previously [9, 10, 11], little data exists
for motion during horizontal rotation about the cranial-caudal axis. It is also not clear
to what extent the anatomical deformation caused by rotation will impact a treatment
and how much plan adaption would be necessary to correct the deformation.
It is not clear if rotation during the course of a treatment would be tolerable for
cancer patients, particularly when combined with potential claustrophobia and anxiety
associated with MRI [12, 13]. Little literature exists in this space, however some
preliminary studies have shown most patients are able to tolerate being translated
on a treatment couch [14, 15, 16], and rotated horizontally and vertically without
concurrent imaging or treatment [17].
Chapters 3-5 of this thesis address the above questions in the context of pelvic radiation
therapy. The pelvic region was chosen because it contains soft tissue which is likely
to move or deform during rotation, and where the soft-tissue contrast of MRI offers
great benefit compared with CT. In chapter 3, the magnitude and direction of rigid
and non-rigid anatomical motion for a cohort of healthy participants is quantified.
The impact of the anatomical motion on dosimetry and treatment planning is then

1.1. Overview of Problem
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explored in chapter 4 across a cohort of prostate cancer patients. In chapter 5, the
overall comfort and tolerability of rotation within an MRI scanner during horizontal
rotation is assessed for both healthy participants and a cohort of cancer patients. To
enable the translation of the results from chapters 3-5 into a prototype radiotherapy
machine, the development of a patient rotation system for a high field in-line MRI
linac, the Australian MRI-Linac, is described in chapter 6. When the patient rotation
system is completed, the results from this thesis could be translated to a system which
can deliver gantry-free MR-guided x-ray radiation therapy and ultimately result in
developing techniques which bring gantry-free systems closer to clinical reality.

1.1

Overview of Problem

Aim 1: Quantify the magnitude of pelvic motion due to horizontal rotation.
Research Question (Chapter 3): What is the extent of pelvic rigid and non-rigid
anatomical deformation during horizontal rotation?

Aim 2: Quantify the magnitude of organ motion caused by horizontal rotation and
evaluate the impact on a radiation treatment.
Research Question (Chapter 4): How much motion of the prostate and surrounding organs at risk will occur during horizontal rotation, and what level of treatment
plan adaption is required to account for the motion?

Aim 3: Quantify the tolerability of patients to horizontal rotation within an MRI using
psychometrically validated questionnaires and exit interviews.
Research Question (Chapter 5): Is the experience of rotation within an MRI tolerable for cancer patients? Do non-cancer patients, who have experience with provision
of cancer therapy, find the experience any different?

1.1. Overview of Problem

4

Aim 4: Develop and test the first prototype patient rotation system for the Australian
MRI-Linac.
Research Question (Chapter 6): How could an MRI compatible patient rotation
system be designed and constructed for the Australian MRI-Linac, and what acceptance criteria would need to be met for such a system?

Chapter 2
Literature Review
2.1

Radiation Therapy for the Treatment of
Cancer

Radiation therapy is a key pillar in the effective treatment of cancer [18]. Of new cancer cases in Australia, an estimated 48.3% would benefit from external beam radiation
therapy during the course of their treatment [19]. The use of radiation for the treatment of cancers is based on the premise that the deposition of radiation dose through
ionisation interactions will cause DNA damage such that the cancer cells are unable
to repair resulting in cell death. Cancer cells do not repair as effectively as healthy
cells, and this differential cell killing is exploited during a treatment by temporally
fractionating radiation delivery [20, 1, 21, 22].
Radiation treatments are most effective if a therapeutic dose of radiation can be delivered to the tumor, whilst minimising the dose received by the surrounding healthy
tissue. This optimal scenario is complicated by uncertainties relating to the precise
tumor position during treatment delivery due to anatomical changes during the course
of treatment [23] (inter-fractional changes), as well as tumor motion due to physio-

5
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logical processes in the body such as respiratory and cardiac motion (intra-fractional
changes) [24].
The last three decades have seen significant technological advances in radiation treatment, from 3-dimensional conformal therapy (3D-CRT) [25] to intensity modulated radiation therapy (IMRT) [26, 27, 28, 29], made possible by the introduction of multi-leaf
collimators (MLC’s) [30] and inverse treatment planning algorithms [31], to volumetric arc based treatments (VMAT) [32, 33, 34]. The introduction of these technologies
have enabled increasingly conformal dose distributions. Complementary to these advances in treatment delivery, the integration of imaging during treatment has enabled
greater confidence in treatment accuracy [6, 35]. Some of these technologies are briefly
outlined below.

2.2

Image Guided and Adaptive Radiation
Therapy

Advances in on-line imaging, in addition to advances in patient positioning and treatment planning and delivery, has enabled treatments to become more targeted [36] with
higher dose rates and more hypo-fractionated treatment deliveries [37]. The integration of imaging technology with radiation therapy treatment machines constitutes the
field of Image-Guided Radiation Therapy (IGRT) [6].
IGRT utilises imaging technology in the treatment room to verify anatomical and positional information prior to or during treatment, predominantly using Linac-mounted
kilo-voltage or mega-voltage x-ray imaging, either as 2D portal imaging, or 3D volumnetric cone-beam CT (CBCT) imaging [6, 38, 39]. CT-on-rails [40, 41] and the MV,
and more recently kV, CT capability of the Tomotherapy system (TomoTherapy, Inc,
Madison, WI) have also been reported (figure 2.1). MRI-guided (MRIgRT) systems
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have emerged in recent years due to their improved soft-tissue contract and lack of
imaging dose [42, 43, 44, 45, 46] and are described in more detail in section 2.3.2.
IGRT reduces the ambiguity about the position and shape of a tumor, allowing for
more precise targeting of the volume believed to be involved with the tumor and a
reduction in toxicity or dose escalation with the same toxicity [47].

(a) Linac-mounted

(b) In-room CT-on-rails

(c) Tomotherapy System

Figure 2.1: x-ray based image-guidance systems (a) Linac-mounted mega-voltage
and kilo-voltage systems for either 2D planar or 3D volumetric cone-beam CT
imaging https://www.oncologysystems.com/ (b) The in-room CT-on-rails concept
[40]. (c) The Tomotherapy system, which can acquire MV and kV CT images
https://www.oncologysystems.com/.
The improvements in image guidance have facilitated the increased clinical availability
of adaptive radiation therapy (ART) [7] (figure 2.2). The central objective of adaption
of the treatment plan during the course of a treatment is to minimise the impact of
inter-fractional changes, which enables tighter dose conformation and improved OAR
sparing [48]. Patient specific treatment variation can be identified and managed using
on-line imaging as described above, coupled with deformable image registration [49]
to assess anatomical changes compared with the planning CT, and dose accumulation
to quantify the delivered dose during a treatment and adapt the treatment plan if
necessary [50]. The Varian Ethos has recently become available, which includes AI
technology for on-line plan adaption (Ethos, Varian Medical Systems, Palo Alto, CA).
In addition to adapting for daily anatomical changes, intra-fractional motion may also
occur during a treatment delivery due to physiological processes such as respiratory
and cardiac motion [51]. To account for tumour motion during treatment delivery, ex-
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Figure 2.2: Components of the adaptive radiation therapy workflow. Daily imaging
can be registered to the planning images, and adaptions made to the treatment to
account for anatomical changes. Adaptions can vary from rigid couch or MLC shifts,
to deforming the planning contours and dose to the daily image and re-optimising the
treatment plan.
tra margins can be created during treatment planning (Internal Target Volume or ITV)
at the expense of irradiating more surrounding tissue. Other techniques such as respiratory gating, breath-hold, forced shallow breathing or respiration-synchronisation
techniques can also be used [51].
Information about tumour motion can be acquired during treatment planning using
time-resolved CT imaging or 4D-CT [52]. However, the range of motion may differ
between planning and daily treatments [53], or the motion may not be periodic such
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as in pelvic treatments [54]. Therefore, real-time imaging of the tumour position
during treatment delivery is desired. This can be achieved with x-ray imaging systems
by either monitoring the position of high density fiducial markers which have been
surgically inserted into the tumour [55] or using an external marker as a surrogate for
tumour motion [56]. The real-time position of the target or surrogate can then be used
to either interrupt treatments when the target moves out of position, or by changing
the MLC segments to match the tumour position, known as Dynamic MLC tracking
[57].
MRIgRT enables adaption of a treatment plan using on-line MR imaging [48]. With
MR-guided systems, in addition to image fusion for patient alignment, a treatment
plan can be re-calculated and optimised on the daily image by overlaying electron
density information via density overrides [58], generation of a synthetic-CT from the
on-line image [59] or by deformably registering the planning CT image onto the daily
MR image [60]. Updated contours must also be generated, checked and approved on
the new anatomy. The contouring process can be made faster through automated
approaches such as using deformable image registration to translate the planning contours, or potentially using deep learning [48, 61].
For intra-fractional motion adaption, MR-guidance has the benefit of visualising the
tumor directly [48, 62]. To reduce treatment times, methods are being investigated to
adapt the treatment plan during beam delivery such as tumor trailing [63] or accounting for dose already delivered in a real-time re-optimisation workflow [64]. Since the
baseline plan is adapted, potentially during each fraction, on-line and off-line patient
specific QA must also be undertaken on the optimised plans (as is currently done for
baseline plans with conventional radiotherapy) [48].
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Image Registration in Radiation Therapy

Image registration is the process of finding correspondence between all points in two
images and spatially aligning the two images so corresponding points assume the
same coordinates [65]. The process entails finding, for each point in the first image, corresponding points in the second image. The first image remains unchanged,
termed the reference image. The second image, termed the moving image, undergoes a transformation which maps points from the query image to the reference image
T : (x, y, z) → (x, y, z). The transformation can be applied globally across the entire
image, or locally on a voxel-by-voxel basis [66]. This is shown mathematically in equation 2.1 where A, B, B’ and Θ constitute the fixed image, moving image, transformed
image and the set of parameters for the transformation T, respectively.

B 0 = T (B, Θ)

(2.1)

Global registration can be rigid, i.e. translation and/or rotation where the distance
between all points in an image is preserved, affine, in which the image can also be
skewed and scaled - distance between points is not maintained, however parallel lines
remain parallel and deformable registration which applies a unique transform to each
individual voxel across the entirety of the image. Common non-rigid registration
algorithms include spline-based (e.g. B-splines [67]) , optical flow (e.g. demons [68]),
or biophysical and finite element methods (FEM) based [69, 70, 49].
The registration is an iterative, optimisation process. The moving and fixed images
are first compared using a similarity metric; which could be feature based, i.e. sum
of squared difference (SSD) between corresponding reference points in each image,
or intensity based, i.e comparing greyscale information from each voxel using metrics
such as SSD, Cross Correlation (CC) or Mutual Information (MI - which can be used
between modalities where pixel intensity is fundamentally different). The transforma-
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tion T is then optimised with a cost function determined from the similarity metric.
Following the transformation the moving image is interpolated, to enable evaluation
of the moving image intensities at non-grid position, and regularised to ensure the
resultant deformation vector field (DVF) represents a smooth, anatomically realistic
transformation. The process is repeated until the similarity metric is sufficient. The
process is summarised in figure 2.3.

Figure 2.3: Basic mechanics of image registration algorithms. The moving image B
is warped to the reference image A using a transform T. The deformed image B’ is
compared to A using a similarity metric which is then used to update the parameters
of T (Θ). The process is repeated until the similarity metric is sufficient.
In the context of radiation therapy, rigid image registration is already used as part of
image-guidance i.e. the daily set-up position is verified by rigidly aligning landmarks
in the on-line daily image with the planning CT, and applying couch translations as
necessary. Deformable image registration has more recently been applied in radiation
therapy for applications such as deformable dose accumulation, mathematical modelling, automatic segmentation, motion assessment (e.g. 4D CT), and multi-modality
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image registration including functional imaging for treatment planning or response
assessment i.e. MR or PET to an CT image [50, 49].
Since determining a ‘ground truth’ for daily deformable image registration is generally
not possible, several studies have discussed possible quality assurance methods based
on comparing physical landmarks or contours, using the Jacobian determinant and
applying end-to-end testing using physical phantoms or digital phantoms where a
known deformation field can be applied. A summary and list of suggested quality
assurance methods for DIR in radiation therapy has been published in the American
Association of Physicists in Medicines Task Group 103 report [49].

2.3

Magnetic Resonance Imaging in External Beam
Radiotherapy

2.3.1

Magnetic Resonance Imaging

In 2012, David Jaffray wrote that “The development of next-generation IGRT systems
that integrate MRI is now showing important progress” [6]. The primary components to
an MRI scanner are the magnet for generating a high uniform magnetic field, gradient
coils for creating well-defined temporal excursions in the field and the radio-frequency
coils for transmission and receiving of radio-frequency (RF) pulses to and from tissue.
A cut-away simplified diagram of an MRI system is shown in figure 2.4.
The physics of how an MRI generates images is very complex, and involves both electromagnetic and quantum mechanical phenomena. A simple description is as follows.
The hydrogen atom is usually what generates the signal in an MRI due to its high
abundance in the body. The hydrogen atom consists of a single proton, with an associated quantum mechanical property called spin. Nuclei, such as hydrogen, for which
the sum of protons and neutrons is odd, have an unbalanced spin overall, and thus
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Figure 2.4: Simplified cut-away MRI, including the main magnetic field coils, gradient
and RF coils [71].
an associated net magnetic moment. When these nuclei are placed in a strong magnetic field, they become aligned with the main magnetic field i.e. magnetised. The
result is a net magnetisation in the same direction as the B-field, or a longitudinal
magnetisation Mz .
In addition to being aligned with the field, the spins will precess in a circular motion
at a frequency termed the Larmor frequency ω0 . The Larmor frequency depends on
the magnetic field strength and the gyromagnetic ratio γ which for Hydrogen is 42.57
MHz per Tesla.

ω0 = B0 γ

(2.2)

By delivering RF pulses matching ω0 , the spins are temporarily pushed out of alignment with the main magnetic field B. The longnitudinal magnetisation Mz will drop
and the net magnetisation will instead be oriented in the transverse plane Mxy . The
precession of the net magnetisation in the transverse plane produces an RF signal
which can be measured by receiver coils. Following the initial magnetisation, the net
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magnetisations will de-phase with one another (termed spin-spin relaxation or T2),
and the transverse magnetisation Mxy will decay as the longitudinal magnetisation
(termed spin lattice relaxation or T1) Mz recovers. By manipulation of the localised
magnetic field using gradient coils, the signal can be spatially encoded. The spatially
encoded signals are then reconstructed to form an image.
The spins relax at different rates for different tissue, and these time differences are
exploited to achieve contrast in the images, i.e. at some time after the initial RF
excitation some tissues will still give off an RF signal while others, which have more
readily returned to alignment with the main magnetic field, will not. A T2-weighted
image exploits the differences in the decay time of transverse magnetisation between
tissues, which is caused by the loss of phase coherence through sin-spin interactions
between nuclei (but no loss of energy), while a T1-weighted image uses the differences
in which longitudinal magnetisation is recovered due to energy transfer between excited
spin states and the lattice of surrounding tissue (figure 2.5). A proton density weighted
image (PD) creates contrast based on the spatial density of hydrogen nuclei.
Many different imaging sequences, or pulse sequences, exist and more continue to be
developed. A pulse sequence is a programmable change in the magnetic field gradients,
i.e. the timing and size of gradient or RF pulses, which can be manipulated to achieve
different types of images. The most basic sequences are termed spin echo (SE) and
gradient recalled echo (GRE) (figure 2.6). For the SE sequence, a second RF pulse is
used to refocus the spins, so they re-phase to produce an echo. In GRE, re-focusing is
achieved by reversing the gradient polarity. GRE sequences are typically faster, but
are more susceptible to geometric distortion.
The time between each successive RF excitation pulse (TR), time at which the RF
echo pulse is detected from tissue (TE) and the angle which the net magnetisation is
translated form the longitudinal to the transverse direction or flip angle (α), can be
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Figure 2.5: T1 and T2 relaxation over time. The two phenomena occur simultaneously
however T2 is much faster than T1. A tissue’s T2 value is defined as the time for the
transverse magnetisation to decay to 37% of its original value. T1 is defined as the
time for 63% of the longitudinal magnetisation to be recovered [72].

Figure 2.6: Comparison of spin echo (SE) and gradient echo (GRE) pulse sequences
[73].
adjusted to create weighted images by maximising the tissue property of interest, i.e.
T2, while reducing other image contrast i.e. T1 and PD (see figure 2.7 and tables 2.1
and 2.2).
MRI imaging offers several advantages over x-ray imaging such as excellent soft tissue
contrast for accurate delineation of target and normal tissue structures [74] as can
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Table 2.1: Changing TR and TE to create T1, T2 and PD-weighted contrast
TR
TE
Short (< 750 ms) Short (< 40 ms)
Short (< 750 ms) Long (> 75 ms)
Long (> 1500 ms) Short (< 40 ms)
Long (> 1500 ms) Long (> 75 ms)

Result
T1-weighted
Not useful
PD-weighted
T2-weighted

Table 2.2: Changing TR and TE to create T1, T2 and PD-weighted contrast
Flip Angle α
Small (< 40◦ )
Small (< 40◦ )
Large (> 50◦ )
Large (> 50◦ )

(a) ∆TR

TE
Result
Short (< 15 ms) PD-weighted
Long (> 30 ms) T2-weighted
Short (< 15 ms) T1-weighted
Long (> 30 ms)
Not useful

(b) ∆TE

(c) ∆α

Figure 2.7: Variation in tissue signal with changing (a) TR (TE and α fixed) (b) TE
(TR and α fixed) and (c) α (TR and TE fixed) [72].
be seen in figure 2.8, the ability to image in arbitrary planes, and the capability of
functional imaging for example to measure blood flow and perfusion [74, 75, 76]. Another benefit of MRI is that no additional imaging dose is delivered to the patient,
which, according to the linear no-threshold model of radiation carcinogenesis, is associated with an increased risk of radiation induced secondary malignancies [77]. The
two shortcomings of MRI in the context of radiation therapy are the lack of electron
density information needed for treatment planning, and geometric distortion [76].
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Figure 2.8: Comparison of a T2-weighting pelvic MRI image and corresponding planning CT image. The improved soft-tissue contrast is evident [78].

2.3.2

MRI-Guided External Beam Radiation Therapy

MRI-Guided external beam radiation therapy (MRIgRT) is an exciting recent development which combines external beam radiation therapy with real-time MRI prior to
and during radiation delivery [43, 79, 80, 81, 82]. The exquisite soft-tissue contrast of
MRI allows for position-verification of the target directly rather than relying on external markers as a surrogate which are prone to variation with respect to the true target
position [83], or implanted fiducial markers which requires an invasive surgical procedure and may migrate during the course of treatment [84]. The imaging capabilities
of MR-guidance can facilitate real-time MR-guided tracking [62] and adaptive therapy
whereby plans can be recomputed and if necessary modified using the daily MR acquisition [85, 86] as shown in figure 2.9. The physiological imaging capabilities of MRI
such as Diffusion Weighting Imaging (DWI) to assess tissue cellularity, Dynamic Contrast Enhanced (DCE) imaging for tissue perfusion and blood volume information and
Blood Oxygen Level Dependant (BOLD) imaging for measuring blood oxygen concentration, are already used as part of the radiation therapy treatment planning process
[75, 87, 88], monitoring treatment response [89] and predicting treatment outcomes
[90]. MRI-linacs could, in theory, enable the adaption of treatments on-line using the
same physiological imaging information based on biological tumour response, which
could then be used to deliver an appropriately modulated dose, i.e. dose painting [91],
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as has been already trialled clinically using FDG-PET [92, 93]. Such approaches have
been termed Biologically-Guided Adaptive Radiotherapy (BiGART) [94].
MRI-guided radiotherapy has been available commercially since 2014 using a Cobalt60 source [42] and more recently two MRI-Linac systems have become commercially
available, the Elekta Unity [95] and the ViewRay MRIdian [96] (figure 2.10). In addition to the two commercially available systems, two research based designs exist - the
Australian MRI-Linac [79] and the Aurora RT system (MagnetTx Oncology Solutions)
[97]. The primary difference of the research systems compared to the commercially
available systems is their ability to deliver the radiation beam in the same orientation
as the MRI’s main magnetic field, termed in-line as compared with delivering the
beam perpendicular or transverse to the field. The four designs are summarised in
table 2.3.

Figure 2.9: On-line workflow of the Elekta Unity. The daily or on-line MR image is
registered to the planning CT image to deformably warp the planning contours onto
the daily image. An IMRT plan is generated on a synthetic-CT based on the daily
MR image and the dose independently verified. The patient position is then verified
with a second MRI prior to treatment delivery [95].
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Figure 2.10: The two commercial MRI-Linac systems currently available (a)
The Eleka Unity System https://www.elekta.com (b) The ViewRay MRIdian System https://viewray.com and the two research systems (c) The Aurora RT http://www.mp.med.ualberta.ca/linac-mr/ (d) The Australian MRI-Linac
https://image-x.sydney.edu.au/mri-linac/.
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Physics Considerations for MRI-Linac Systems

Integrating a Linac with an MRI scanner presents some significant technical challenges: the magnetic fields of the MRI affecting the Linac [98, 99], RF from the linac
affecting the MRI [100, 101], attenuation of the radiation beam through the MRI
[43] and changes in dose deposition caused by the interaction of secondary electrons
with the main magnetic field [102, 103, 104]. The changes in dose deposition due to
the magnetic field must also be accurately modelled in a clinically appropriate time
frame [48, 105]. Additionally, conventional dosimeters may be impacted by the magnetic field, particularly ionisation chambers which are ubiquitous in radiation therapy
departments for reference dosimetry [106, 107]. Recent studies have quantified ionisation chamber response in magnetic fields and developed correction factors which can
be applied and depend on detector geometry, field strength and detector orientation
relative to the main magnetic field [108, 109]. MR-compatible water tanks have also
been developed for beam characterisation [110].

Transverse Systems
In the transverse orientation, the Lorentz force results in asymmetric penumbras, a
decreased build-up distance in the patient, skin dose reduction within the beam and
possible increase outside the primary beam, enhanced dose at tissue air interfaces and
an enhanced exit dose due to the electron return effect (ERE) [103, 111, 112, 113, 114].
These effects increase with increasing magnetic field strength [115, 116].
Dedicated MRI-Linac systems have been designed to include low-field regions in which
to place Linac components to reduce coupling of with the main magnetic field [117,
118]. Decoupling is required to reduce the field effects on the Linac, and geometric
distortions caused by a perturbation of the magnetic field at the imaging isocentre
due to the presence of the Linac and associated components [81]. The RF interference
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between the accelerator components and the MRI image acquisition system are minimised by placing the Linac outside the Faraday cage. A space on the Faraday cage
must then be incorporated to allow beam passage. In addition, the magnet requires
active shielding to create a zero field region at the location of the electron gun, and
minimal magnetic field at the location of the accelerator tube [81].
In-Line Systems
By orientating the x-ray beam parallel to the main magnetic field, in-line systems
exploit some physical advantages [79, 97, 119]. Electron scatter associated with beam
transmission through the MRI cryostat, roughly double that of a conventional Linac
[81], is avoided by directing the beam through the magnet bore. Helical trajectories of
secondary electrons caused by the Lorenz force are reduced [114] which subsequently
reduces the beam penumbra width and reduces dose deposition perturbations caused
by density heterogeneity [104]. The subsequent focusing of the dose in low density
medium such as lung [120, 121] could potentially be of interest for the emergence of
MR-guided SABR treatments for small lung tumours [122]. In-line systems are also
more open around the patient, which may reduce claustrophobia [44].
The in-line orientation does however introduce other complications. There is an increased surface dose with in-line systems caused by the focusing of contaminant electrons around the radiation beam axis, which has been modelled to be as high as 10x
the maximum dose (Dmax ) within the patient [123]. The increased surface dose is
dependent on magnetic field strength, fringe field, radiation field size and source to
isocentre distance (SID) [124, 125, 126, 114]. It’s likely that treatments in the in-line
configuration will require beam spoiling material to be placed upstream of the patient
surface to remove electron contamination, which will shift the Dmax closer to the skin
[114], however this may be acceptable if IMRT techniques with several beam angles
are utilised, as has been demonstrated with perpendicular systems to overcome the

Radiation
Type
6 MV X-Rays
6 MV X-Rays
4 and 6 MV
X-Rays
6 MV X-Rays

Country

Netherlands

United States

Australia

Canada

System

Elekta Unity
[43]
ViewRay
MRIdian [42]
Australian
MRI-Linac
[79]
Aurora
RT
[97]
Yes

No

Yes

Rotating
Gantry
Yes

No

Yes

No

Variable
SSD
No

0.60 T

1.00 T

0.35 T

Field
Strength
1.50 T

Table 2.3: MRI-Linac systems and their specifications
Magnet Type

In-Line

Split High-Temp
Superconductor

Closed Superconducting
Perpendicular
Split Superconducting
In-Line and Per- Split Superconpendicular
ducting

Perpendicular

Orientation
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Bf ield perturbations of the dose deposition [127].
Geometric Distortion
Geometric distortion is of perennial concern when integrating MRI and radiation therapy where precision of less than 2mm is desired [76]. Distortions depend heavily on
sequence type, i.e. GRE vs SE-based sequences, receiver bandwidth, Field of View
(FOV), B0 and variations in magnetic susceptibility and molecular environment within
the object being imaged [76]. The potential compromise in geometric accuracy from
distortion in MRI is well known, and system based distortions caused by integration of
Linac components close to the MRI scanner, compromising magnetic field homogeneity, can be assessed and corrected [81]. However, patient specific distortions are not
so easily measured [76, 128]. Cine-based imaging, used for real-time tracking of the
tumour position or functional MRI, requires balanced gradients which are particularly
susceptible to geometric distortion which could potentially compromise treatment, especially if the treatment site is off-axis where the magnetic field gradients are less
uniform. Therefore, careful consideration of distortion and stringent QA procedures
must be undertaken to ensure geometric fidelity [76, 129].
Patient Positioning
In conventional radiation therapy, the patient is set-up in the correct position relative
to the treatment isocentre using a mechanical couch. The couch allows for translation
in the three Cartesian planes, and rotation in the horizontal plane. Some more recent
designs allow for small rotations in other planes [130]. Commercial MRI-linac systems
don’t have the ability to rotate the patient due to the geometric restrictions of the
MRI. The Unity system can only translate the patient in and out of the scanner,
therefore changes in the position of the radiation beam relative to the patient have to
be controlled by translating beam segments using the multi-leaf collimators (MLC’s) as
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part of the on-line adaption process [46]. For in-line systems, this is further complicated
as you cannot easily rotate the x-ray source around the patient, which is necessary to
create the multiple beam angles required for treatment. To achieve relative rotation of
the x-ray source and the patient, the Aurora RT have developed a system where the
entire Linac and the MRI scanner rotate around the patient [97]. Rotation of the MRI
scanner is made possible by using cold head magnet technology developed by ParaMed
(Paramed Medical Systems, Genova, Italy) which does not require the use of liquid
Helium to maintain superconducting temperatures. The Australian MRI-Linac has a
higher magnetic field strength and a conventional Helium cooled design, which makes
rotation of the MRI very difficult. The proposed approach for the Australian MRILinac system is to instead rotate the patient relative to the MRI and x-ray source,
which both remain stationary (figure 2.11) [79]. Patient rotation is covered in more
detail later in this review, and is the main focus of this thesis.

(a) Aurora RT

(b) Australian MRI-Linac

Figure 2.11: The two approaches for generating rotation of the x-ray source relative to
the patient for in-line MRI-Linac systems (a) rotation of the entire system (b) patient
rotation [79].
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MRI-Only Radiation Therapy

As MRI has become increasingly utilised in radiation therapy, including the introduction of dedicated radiotherapy MRI scanners with sufficient bore sizes to position a
patient in the treatment position for imaging, there has been an increasing scientific
focus on using MRI as the sole modality for radiotherapy, termed MRI-only [59, 131].
Removing the CT scan from the treatment planning workflow reduces uncertainties
associated with registration of the MRI image, i.e. for contour delineation, to the CT
which is used for electron density information when generating the treatment plan.
Uncertainties are typically associated with variation in patient set-up i.e. neck flexion,
or anatomical changes such as rectum or bladder filling [131]. Nyholm et al. suggest
that systematic uncertainties are reduced from 3-4 mm with a CT based workflow
to 2-3 mm with an MR-only workflow [132]. Additionally, removing the CT scan reduces imaging dose to the patient which can increase the risk of radiation induced
malignancies [133]. As MRI-Linac systems become more widely available, the entire
treatment workflow, including image guidance during treatment, could be delivered
using MRI-only [131].
Since the phenomena by which MRI and CT contrast is achieved is fundamentally
different, MRI scans cannot be easily calibrated to electron density. Therefore, different methods have been developed to generate electron density values in the image to
allow the calculation of radiation dose, such as bulk density assignment after image
segmentation, generating a synthetic CT from the MR-image or tissue classification
based on voxel intensity in the MR-image [59, 131]. Specific MRI sequences have also
been developed with ultra short echo times to visualise bone structures on an MRI
image to separate then from air [134].
Since MRI is prone to geometric distortion, without a gold standard CT for reference,
care must be taken especially in regions away from the centre of the imaging volume,
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such as the external body contour [135, 132, 136]. Distortion can be reduced by using
spin echo based sequences and larger receiver bandwidths for images to be used in the
treatment planning system for calculating dose [136]. Additionally, in-built distortion
correction software of commercial MRI scanners removes most geometric distortion
[135] to a point where residual distortions are likely below uncertainties associated
with registering an MR-image to a CT scan [132].
MRI-only treatment planning workflows have been demonstrated for prostate treatments [137], with a commercial solution released by Phillips (MRCAT) in 2016 [138]. A
recent 25 patient multi-centre prospective study using MRI-only treatment for prostate
cancer showed acceptable dose agreement with CT based planning [137].
MR-only research has primarily focused on the pelvis, mainly due to the improvements
in soft tissue contrast with MRI which improves target and OAR delineation of structures such as the seminal vesicles, apex of the prostate, urethra, rectum and penile
bulb. However other sites have also begun to be investigated such as brain [139] and
head and neck [140].

2.3.4

Generation of Synthetic CT from MR-Images

As mentioned in section 2.3.3, MR-only planning necessitates the generation of electron
density information from an MR-image [141]; the approach for which this is achieved
can be broadly grouped into three categories:
• Bulk Density Override: Uses either a single homogenous or multiple tissue
density override. The simplest approach to assign electron density to an MRimage is to apply a bulk density override to the entire patient volume with a water
equivalent electron density, however this can lead to dose discrepancies of > 2 %
compared with a planning CT [141]. A more dosimetrically accurate approach
is to separate tissues into 2-3 classes and assign a corresponding electron density
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for each (i.e. water, air, bone). Segmentation of bone without a reference CT is
very difficult due to its short T2∗ and may require manual contouring or other
novel approaches [141]. There is also some debate regarding the most appropriate
density values to apply [141].
• Voxel-based techniques: Segments tissues using voxel intensities and statistical classification methods. Voxel-based techniques require several MRI sequences
to delineate different tissues from each image i.e. ultra-short echo time imaging
for bone delineation. This method is well equipped to handle atypical anatomy
and effective at separating bone from air, however the increased number of scans
increases the total imaging time for the patient.
• Atlas-based: Uses either a single or multiple atlases incorporating pattern
recognition techniques. Atlas methods typically use a single, standard MRI
sequence to produce a sCT [78, 142] which reduces the introduction of motion
uncertainties between scans [141]. The process for sCT production can be fully
automated and include automatic contouring [78, 142]. The atlas technique
is based on the registration of a target MR-image to a data set (atlas) of coregistered MRI and CT images. By determining the appropriate deformations
required to match the target MRI to the atlas, the corresponding CT and contour
set can be mapped onto the target MRI.
Some hybrid approaches which combine atlas and voxel sCT generation have been
proposed [141] and more recently the use of deep learning [143, 144] to generate sCT’s
much faster than an atlas approach with comparable accuracy [143] (not including
model training time). For this thesis, the atlas-based approach was used for sCT
generation, and so is explained in more detail below.
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Atlas-Based sCT and Auto-segmentation
The simplest atlas would constitute a single typical individual including contoured
structures from an expert clinician which is deformably registered to each new patient
image [145]. However, this method introduces problems with inter-individual variability. An alternative, more robust approach, uses several individuals from a population
to form an atlas.
Population based atlas are characterised as either average atlas or multi-atlas. An
average atlas, as the name implies, is generated from a population of M atlases by
averaging of the data and is computed iteratively. The first iteration involves a rigid,
followed by non-rigid registration of M-1 individuals to an arbitrarily chosen individual.
Following each iteration, a new atlas is generated and used in the following iteration.
The iterations are evaluated using similarity metrics and repeated until convergence
[66, 146, 147]. After the average atlas is generated, a set of probabilistic contour maps
are generated from the propagation of the contours from each case into the average
atlas space. A threshold can then be applied to these probability maps to generate
the final contours and an electron density map. The average atlas is then deformed
to the target MRI and the deformation field used to propagate the average sCT and
contours to generate a contoured sCT from the target MRI.
A drawback of the average atlas method is the large inter-individual variability and
the poor contrast of an average atlas following several iterations [66]. Multi-atlas diminishes the drawbacks of an average atlas by comparing a new image Ii to multiple
atlases, which cover a greater range of inter-individual variability compared with registration to a single average atlas. In this approach, the atlases are rigidly registered
to the query image Ii and ranked according to their similarity to Ii .
To reduce the impact of deformable image registration errors, the multi-atlas method
can be extended where the similarity metric is assessed across 2D patches throughout
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the image [148, 149, 78]. The patches are then ranked based on the similarity metric
and used as a weighting to assign estimated HU values and contours onto the target
image as shown in figure 2.12.

2.4

Patient Rotation in Radiation Therapy

Establishing a suitable treatment position for reliable delivery of a therapeutic dose
of radiation while reducing the dose to healthy tissue is a fundamental step in the
planning process of radiation therapy [150, 151]. Additionally, EBRT requires rotation
between the treatment beam and the patient to intersect the tumor from multiple
angles (cross-fire technique) to achieve a conformal, high dose of radiation to the
target while minimising the dose received by surrounding healthy tissues [31]. Arc
therapies, which involve rotation of the treatment beam during delivery, also require
accurate control of the speed of rotation between the treatment beam and the patient
[34, 33, 152].
Conventional EBRT is primarily administered with the patient lying in a supine or
prone horizontal position and a rotating gantry used to deliver the required beam
angles. This approach was reinforced by the integration of diagnostic imaging technology, i.e. CT for 3D dose calculations and later MRI and PET for tumor and OAR
visualisation, into the radiation therapy planning work flow.
An alternative approach to deliver multiple beam angles would be to instead rotate
the patient relative to a stationary therapy beam. Rotation of the patient around a
fixed radiation source is not new, with the use of x-rays with rotation of the patient
dating back to the 1940’s [153, 154, 155, 156, 157, 158, 159]. A patient treatment
with upright rotation using x-rays is shown in figure 2.13. Patient rotation presents
several advantages for EBRT, as well as some limitations, which are summarised in
the following sections.
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Figure 2.12: Multi-atlas technique using weighting of patch similarity values [141].
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Figure 2.13: Treatment rooms for x-ray therapy incorporating seated rotation circa
1954 [154, 158].

2.4.1

Patient Rotation For Proton and Heavy Ion Therapy

Rotation of the patient has several advantages [156]. Firstly, rotating the patient
around a stationary treatment beam does not require rotating gantries. This greatly
simplifies the engineering challenges and costs associated with external beam radiation therapy systems [160], in particular for proton and heavy ion treatment facilities
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[156, 155], which require large gantries, weighing several tones, due to the higher energies required to reach deep seated tumors [161, 162]. Ion therapy gantries using
conducting and superconducting magnets for beam steering are shown in figure 2.14.
These gantries contribute significantly to the capital costs of proton and ion therapy
facilities [155, 163] which are estimated to be 3.2 and 4.8 times higher than photon
therapy centres, respectively [163].

(a)

(b)

Figure 2.14: (a) Ion gantry at Heidelberg Ion Beam Therapy facility (HIT). The gantry
uses conducting magnets for beam steering and weighs over 600 tons. (b) Toshiba
superconducting gantry at the Heavy Ion Medical Accelerator in Chiba (HIMAC)
which can generate fields up to 3 Tesla for beam steering. The superconducting gantry
is approximately half the size and weight of the HIT gantry [164].
.
The alternative approach of fixed beam lines and movement of the patient has been
used for decades with protons and heavy ions. Some examples are shown in figure 2.15.
The HIMAC facility in Japan have used small amounts of rotation with two fixed ion
beams (figure 2.15(a)). The Francis H. Burr Proton Therapy Centre - Massachusetts
General Hospital have a fixed beam room where proton radiosurgery can be delivered
using their STAR (Stereotactic Alignment Radiosurgery) patient positioning system
(figure 2.15(b)). The Orsay proton therapy centre have also developed a device which
allows treatments of posterior oblique beams up to 40◦ for peadiatric patients in the
supine position under general anesthesia (figure 2.15(c)) [165]. The seated position has
typically been used for the treatment of brain, eye, and head and neck cancers (figure
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2.15(d)). As more compact superconducting cyclotrons and beam delivery systems
continue to be developed, fixed beam lines with patient rotation could allow proton
systems to be installed within 1-2 conventional x-ray therapy bunkers, making clinical
uptake of protons more feasible [166, 167, 168]. The number of beam angles required
for proton treatments could also be reduced as more advanced techniques such as
pencil beam delivery and rapid imaging technology for real-time position verification
become more available [168].

(a)

(b)

(c)

(d)

Figure 2.15:
(a) Treatment of lung cancer with heavy ions at HIMAC
http://epileptologie-bonn.de. (b) The Stereotactic Alignment Radiosurgery (STAR)
system allows translation and rotation of a patient to delivery fixed proton beam stereotactic radiosurgery https://www.aapm.org/meetings/2013AM/documents/MGH.pdf.
(c) Inclined restraint system at the Orsay proton therapy centre. The device allows
re-positioning of pediatric patients up to 40◦ for the delivery of posterior oblique fields
with a fixed horizontal beamline [165]. (d) Patient in the seated position for ocular
treatment http://www.proton-therapy-today.com/eye-tracking-system-unique-to-korea.
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Radiotherapy Bunker Design

Another advantage of patient rotation with a fixed radiation source is a reduction
in treatment room floorspace and shielding requirements. Gantry-based treatments
require the construction of specialised shielded rooms (bunkers) which include clearance for gantry rotation and thick concrete walls to absorb radiation from the primary
beam as well as thinner walls to absorb lower energy scattered radiation and leakage
radiation from the linac head [169]. If the radiation beam is fixed, not only is less
physical space required to allow gantry motion, but primary beam shielding is only
required in one direction rather than four, reducing the size of the bunker as shown
in figure 2.16 [170, 160]. Eslick et al. estimate a fixed-gantry compact x-ray system
incorporating patient rotation would require just over half the floorspace of a conventional compact x-ray linac [160]. However, implementing compact bunker sizes would
need to be weighed against a potential reduction in source to surface distance (SSD)
with implications for total body irradiation (TBI) treatments [160].

2.4.3

Cost Reduction

Though radiation therapy is cheaper than other forms of cancer treatment [171], the
costs of constructing and maintaining a radiation therapy department are substantial
and are a limiting factor in meeting the global demand for radiation therapy [171,
172]. Approximately 37% of the costs associated with the establishment of a new
radiotherapy facility are associated with equipment purchase and bunker construction
[173]. As mentioned above, removing gantries from proton and heavy ion treatments
would significantly reduce costs. However, these systems would still likely be too
expensive in many parts of the world. Gantry-free x-ray based treatment would,
however, potentially lead to greater development of radiation centres globally [171,
170, 160]. A prototype x-ray system with patient rotation (Nano-X) has been built in
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Figure 2.16: Bunker size and shielding for a fixed-gantry x-ray system (Nano-X) compared with a gantry-based compact x-ray linac for radiation leakage factors of 10−3
and 10−5 [160].
Sydney Australia, which aims to deliver current standard of care in terms of on-line
imaging and treatment adaption [170, 160, 174, 175, 176] (figure 2.17). Eslick et al.
estimate that a system such as the Nano-X could provide a $300, 000 saving compared
with a conventional gantry-based compact linac due to savings in bunker construction
and shielding alone [160].

2.4.4

Patient Rotation For MRI-Guided Treatments

Patient rotation may be beneficial when incorporating on-line MRI with radiation
therapy as described in section 2.3.2 [79, 177]. Combining a rotating gantry with an
MRI presents challenges for both magnetic field distortion minimisation due to the
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Figure 2.17: Components and set-up of the Nano-X system [176] https://imagex.sydney.edu.au/research/.
presence of the gantry [118, 100] and large forces being applied to the gantry by the
MRI fringe field [123] (section 2.3.2). The on-line imaging capability of MRI could in
theory adapt to changes in anatomy caused by rotation, as is currently performed to
manage other types of motion during the course of a treatment as described in section
2.2. The Australian MRI-Linac program are designing an MRI-guided x-ray system
which will include patient rotation about a stationary x-ray source and MRI scanner
[79].
There has also been some discussion regarding the integration of MRI with proton
treatments given high precision proton beams would also benefit from the highest
quality image guidance [178, 179, 180, 181]. The complexities of integrating proton
gantries with an MRI scanner would be difficult given their size and the volume of
metal which is required for beam steering and shielding within the structure [179].
Additionally, accounting for the large perturbations of the B-field these gantries would
cause whilst maintaining the geometric precision required for radiation therapy would
be challenging [136, 182, 183]. Therefore, rotation of the patient about a static magnet
and beam line may be the most feasible approach as pointed out by Oborn et al. [179]
and shown in figure 2.18.
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Figure 2.18: Comparison of a patient rotation and gantry-based MRI-guided proton
system for in-line and perpendicular B-field orientations [179].

2.4.5

Obstacles to Patient Rotation

The implementation of patient rotation faces two primary challenges: patient acceptance to the rotation [17] and rotation induced anatomical deformation [184, 5]. The
literature contains little on either issue.

Patient Tolerance
Some patients may feel uncomfortable in an enclosed slowly rotating device, particularly when combined with imaging and treatment [12, 13]. To alleviate these feelings during treatment, medication could be given prophylactically similar to current
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practice for PET and MRI [185]. It has been shown that couch translations and
rotations during treatment for motion compensated delivery are well tolerated by patients [14, 15, 16]. Whelan et al. assessed patient reported outcomes from slow, single
arc rotation with a balance disorder device (Epley Omniax) and concluded both upright and lying rotations were both well tolerated [17]. No previous studies were found
which assess the acceptance of cancer patients to rotation during imaging or treatment
delivery.
Anatomical Deformation
Several studies have investigated change in organ position when a patient is re-positioned
from prone to supine [9, 10, 11, 186, 187], and from supine to standing positions
[8, 188, 189, 190]. Prone to supine re-positioning generally results in a ventral and
or caudal shift (towards the front and the feet) in organ position while for supine to
standing, organ motion is generally caudal. The motion is generally most severe in the
abdominal region [186, 191]. Inferior kidney shifts of up to 7.5 cm have been observed
as well as inconsistent changes in kidney shape [8]. Up to 1-2 cm posterior shifts in the
liver, pancreas and stomach have also been reported [189, 190]. Interestingly, Cassola
et al. showed by Monte Carlo simulation that doses from chest and abdomen radiographs could increase by up to 60% by changing from a standing to supine position
[192]. Given the tight dose margins and steep dose gradients of conformal radiation
therapy, changes in organ position of even 1-4 mm can have significant impacts on
tumour control [193] and toxicity [194, 195].
Gravitationally induced shifts in organ anatomy due to patient re-positioning will likely
compromise a treatment if not accounted for, but they also could offer a dosimetric
benefit. Vijayakumar and Muller-Runkel showed patients undergoing oesophageal
radiation therapy could achieve sparing of the spinal cord by treating in the prone
position [196]. McLaughlin et al. showed that treating a prostate patient in the prone
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position has a measurable reduction in rectum dose due to a retraction of the rectum
against the sacrum [197]. Zelefsky et al. also reported a reduction in rectum and
bowel dose for 3D CRT for prostate cancer, with < 2% variation in the planning
target volume (PTV) and prostate volume receiving 95% of the prescribed dose (V 95)
[198]. Similarly, Liu et al. demonstrated a statistically significant improvement in PTV
overlap and dose coverage for bone-alignment for prostate RT in the prone position
[10]. Conversely, prone set up for prostate RT may be associated with greater intrafraction motion [11].
A recent study by Barber et al. quantified anatomical deformation in lagomorphs
during horizontal rotation using CBCT. They concluded that principal motion was
rigid translation, similar in scale to normal respiratory motion [199]. This suggests
rotation induced organ deformation may be accountable with rigid adjustments of the
patient table and/or the radiotherapy beam collimation. Barber’s result was consistent
with Whelan et al. who found that applying a prostate-guided rigid registration to
a horizontally rotating human volunteer could largely mitigate gravitation induced
changes in the prostate, rectum and bladder [184]. Prior to the rigid correction,
average variations in surface distance of 3-5 mm for prostate, rectum and bladder
were observed with the most significant deformations at couch angles of 90 and 270
degrees.
On-line motion correction is common in modern radiation therapy and many studies
have demonstrated the ability of this technology to identify and adapt for both inter
and intra-fractional anatomic changes during the course of a treatment [85, 200, 201],
and even account for delivered dose in real-time [64]. It’s therefore feasible to assume
this technology could be used to compensate for anatomical shifts during patient rotation.
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Upright versus Horizontal Rotation

When considering gantry-free radiation therapy, there are two ways to rotate the
patient, in the horizontal direction [184] or in the upright direction [188, 196, 202,
150]. The main advantage of horizontal rotation is that existing imaging devices
used for treatment planning and image-guided delivery can be more easily integrated.
In contrast, vertical rotation requires dedicated upright imaging systems as shown
in figure 2.19 (a) and new approaches to treatment planning [188, 203]. Planning
on a conventional prone or supine CT image and treating in the upright position is
problematic because of the large anatomical changes that occur from lying to standing
[8]. Given that the implementation of patient rotation should reduce equipment and
facility costs, much of this potential benefit would be lost if centres were required to
install dedicated systems for treatment planning of upright patients.

(a)

(b)

Figure 2.19: (a) A patient in an upright CT scanner for treatment planning [188]. (b)
Patient in the seated position for in-room upright CT imaging for proton treatment.
https://www.northwesterninternationalhealth.com/.
There are however some compelling arguments for upright rotation. First, the biggest
benefit for upright rotation is that it does not introduce anatomical deformations during rotation [184, 186]. In addition to the change in organ position during rotation
discussed above, horizontal rotation will likely produce deformation of the external
body contour which would shift the penetration depth of the x-ray beam and com-
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promise treatment [5, 204]. It is worth noting, however, if real-time MRI were to be
combined with horizontal rotation, existing adaptive radiation therapy methods may
be applied to overcome anatomical deformation [205].
Second, the upright position is generally more tolerable for patients [17]. The treatment of patients in the upright position is usually because they are unable to maintain
a lying position for reasons such as bilateral phrenic nerve injury and paralysis of the
diaphragm [188] and for patients experiencing dyspnea and saliva accumulation when
lying down [150].
Upright positioning is also beneficial for thoracic treatments since diaphragmatic motion is reduced and lung volume is increased as shown in figure 2.21, reducing lung
density [206], which can reduce the risk of radiation-induced pneumonitis (though not
to the same extent as deep inspiration breath hold techniques) [196, 207]. Mediastinal
tumours have also been shown to expand less in the upright position, improving lung
shielding [159].
The reproducibility of upright treatment has been demonstrated for head and neck
cases [202, 208] (figure 2.20) and for intra-cranial proton treatments [209]. Imageguided small animal prototypes have also been used with fixed kV sources and rotating
subject stages in the vertical orientation [210, 211].
Treatment planning using an upright CT scanner has previously been applied clinically
with satisfactory results [188], and in future on-board imaging modalities such as
CBCT with a rotating patient could be used for treatment planning [196, 150, 212].
Leo Cancer Care have proposed a system which would combine seated rotation with
on board CBCT imaging for planning and treatment guidance using a fixed horizontal
treatment beam. An upright positioning system has also been proposed (figure 2.22)
http://leocancercare.com/. This would however necessitate accurate HU information,
which is typically a problem with CBCT in high density materials due to electron
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(b)

Figure 2.20: (a) A treatment chair positioned in a simulator [159] (b) Patient in the
seated position for head and neck cancer treatment [202].

Figure 2.21: Comparison of lung volume in the seated (left) vs lying supine position
[196].
scatter [213, 214]. The Leo system have proposed that a fan-beam CT simulator, which
can image in the upright orientation, be used to obtain HU for treatment planning.
Much literature exists on the seated rotation approach [150] for reasons discussed
above, while there is very little on lying rotation. As mentioned, horizontal rotation
presents the challenge of more significant anatomical deformation which has been discussed [5] but not investigated in any great detail [184]. Quantifying the deformation
under rotation from a pelvic radiation therapy perspective forms the basis of much of
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(b) The Eve system

Figure 2.22: Upright rotation treatment and positioning system proposed by Leo Cancer Care. The Ruby system would deliver a compact self-contained seated treatment
system including cone-beam CT for online adaption. The Ruby system would be combined with Eve - an ergonomic automated system for upright patient positioning and
rotation http://leocancercare.com/.
this thesis. The pelvic region was chosen since it contains a range of soft tissue structures, where anatomical motion during rotation is likely, particularly for the external
surface [5], and the soft-tissue contrast of MRI offers a great benefit [215]. Further,
much research to date in MRI-only planning has focussed on the prostate region [59],
and commercial systems for pelvic sCT generation are already available (Magnetic
Resonance for Calculating ATtenuation, Philips, Vantaa, Finland).

Chapter 3
Anatomical Deformation of the
Pelvis Due to Horizontal Rotation
3.1

Introduction∗

Conventional external beam radiation therapy (EBRT) utilises a modulated x-ray
beam rotated about the patient to deliver a highly conformal treatment. An alternative
approach involving a fixed radiation beam (gantry-free) would greatly simplify the
engineering and cost barriers [216] associated with rotating gantries [171] both in
terms of simplified linac design, particularly for hadron therapy [217], and reduced
complexity of coupling between the linac and the magnetic field of emerging MRILinac systems [218, 95, 44]. Radiation shielding requirements would also be reduced
with gantry-free systems since the primary beam is only incident on a single wall. A
prototype system using a horizontal patient rotation system coupled to a clinical linac
has already been developed and the proof of concept demonstrated [170, 175, 160, 176].
It is not clear how well cancer patients would tolerate rotation, particularly patients
∗

Part of this chapter has been published in the Physics in Medicine and Biology journal: Buckley,
J. G., et al. Anatomical deformation due to horizontal rotation: towards gantry-free radiation therapy.
Phys. Med. Biol. 64.17 (2019): 175014.
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who are very unwell or elderly. A recent study by Whelan et al. demonstrated rotation may be well tolerated by cancer patients [17], however the addition of MRI
may add further feelings of anxiety [13] and claustrophobia [219]. Treatments using a
gantry-free x-ray source and patient rotation would also require fundamental changes
in how treatment plans are created. The current workflow is typically to acquire a
planning computed tomography (CT) scan with the patient set up in the treatment
position, then to create a treatment plan on this scan using multiple beam angles and
modulation of beam weightings via an optimisation algorithm [31]. In a gantry-free
system, images would be acquired at each couch angle and a modulated field would
be optimised for each angle. The dose optimisation and calculation would then need
to be applied to a summation of each couch position akin to dose calculation with 4D
CT and respiratory binning [220].
A further challenge, particularly with horizontal patient rotation, is the introduction of
soft tissue deformation due to gravity [5, 184] which has been demonstrated to affect
organ positioning and dosimetry in the prone vs supine position [197]. It has been
suggested that the impact would be most significant on the external body contour,
particularly for the pelvis during EBRT for prostate and cervical treatment [5]. The
change in external contour will shift the penetration depth of the x-ray beam and
compromise treatment if not accounted for [204]. Lagomorph studies using horizontal
rotation and kilo-voltage Cone Beam CT (kV CBCT) imaging systems have assessed
thoracic motion due to rotation [199, 221] and found the most significant motion
was rigid shifts in the anterior-posterior direction, however it would be expected that
external soft tissue deformation would be more significant for humans. Whelan et al.
assessed changes in the prostate, rectum and bladder contours of a single participant
[184] and found up to 4 mm variation in the mean average surface distance which could
be largely mitigated by a prostate-guided rigid shift. The global rigid and non-rigid
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soft tissue deformation of human anatomy due to horizontal rotation have not yet been
quantified and must be understood if horizontal rotation is to be used for treatment
for reasons described above.
In this chapter, rigid and non-rigid deformation of the pelvis due to horizontal rotation is quantified for a cohort of healthy human participants using a bespoke patient
rotation system on a commercial MRI scanner.

3.2

Methods and Materials

An ethics approved study was undertaken with 8 healthy participants who’s demographic information is summarised in table 3.1. As there is little published data on
the magnitude of anatomic deformation during rotation, the sample size was pragmatically chosen to obtain sufficient information but not expose human subjects to
unnecessary scans. Eligibility criteria included no contraindication to MRI, weight not
exceeding 100 kg, height not exceeding 190 cm, a total anterior-posterior width not
exceeding 32 cm and a total lateral width not exceeding 46 cm. Note that, for this
study, participant demographics are not representative of a cancer patient population.
The reasons for this are detailed in the discussion section.
Table 3.1: Participant demographics. BMI - Body Mass Index.
Participant Age
ID
1
26
2
26
3
26
4
27
5
40
6
30
7
35
8
46

Gender
F
F
F
F
F
M
F
F

Height
(cm)
154
160
158
155
162
175
178
167

Weight
(kg)
52
56
57
41
59
70
75
76

BMI
21.9
21.8
22.8
17.1
22.4
22.9
23.7
27.3

Participants were imaged on a 64-channel, closed, wide-bore 3 Tesla (MAGNETOM
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Skyra, Siemens, Erlangen, Germany) dedicated radiation therapy MRI scanner (Siemens
Medical Systems, Erlangen, Germany) in a previously described bespoke patient rotation system (PRS) [184].
Participants were secured within the PRS using polyester straps and three airbags.
Once secure, the participants were rotated outside of the MRI scanner to ensure clearance during the rotation and to familiarise the participant with the rotation prior to
imaging. The participants were then moved into the MRI scanner and underwent the
imaging procedure summarised in figure 3.1.

Figure 3.1: Workflow of the PAROT study. The participant was first loaded into the
patient rotation system and secured. A high-quality isotropic scan was then acquired
at the 0◦ position before being manually adjusted in 45◦ increments. A fast 2D scan
was acquired at each position.
All sequences acquired in this study used the integrated body coil to both transmit
and receive radio frequency (RF) signal. Initially, a single high-quality 3D isotropic
T2-weighed turbo spin echo (TSE) SPACE (Sampling Perfection with Application
optimised Contrasts using different flip angle Evolution) scan with a voxel size of
1.7x1.7x1.7 mm3 , TE/TR of

103
1470

ms, 500x500 mm2 field of view (FOV), 780

Hz
px

receiver

bandwidth and an approximate scan time of 6 minutes. This scan was acquired in the
supine position (defined here as 0◦ rotation) and used as the target image to which
subsequent images were registered.
The PRS was then manually rolled to the participants right in 45◦ increments from 45◦
- 360◦ with the participant re-scanned at each position using a faster 2D T2-weighted
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48
96
12170

ms, 500x500 mm2 FOV, 405

Hz
px

receiver bandwidth and an approximate scan time of 55 seconds. Fast scans were used
for the rotated images to reduce the time a participant was positioned in the angled
positions. Vendor supplied 3D geometric distortion corrections and an anatomical site
specific B1 shim (Trueform) were applied to all images. The scans were then exported
from the MRI scanner and an external contour generated on each image using tools
from MiM picture archiving and communication system (version 6.8, MIM Software
Inc., Cleveland, OH, USA).
The images and their respective external contours were then exported from MiM and
manually reorientated to the 0◦ coordinate space using MR visible markers placed on
the PRS using 3DSlicer (figure 3.2) [222]. The images were then resampled to the
isotropic 0◦ scan for registration. Image information outside of the external contours,
i.e. noise and motion artefact, were removed by masking each image with the respective
body contour. Images then underwent a bias field correction [223] to remove variations
in signal intensity and a histogram normalisation to the 0◦ image to aid registration.
Pre-processing was performed using tools from the Insight Toolkit (https://itk.org).
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Figure 3.2: Pre and post couch marker alignment of the 225-degree image with the
0-degree reference image in 3DSlicer.

3.2.1

Rigid Motion Assessment

Rigid motion was quantified through the registration of each participants couch marker
aligned image to their respective 0◦ image using mirorr [224], an open source rigid/affine
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registration algorithm developed for MR-CT registration. The algorithm has the benefit of inverse consistency using a block matching registration approach and mid-space
image resampling. The resulting transforms were analysed in MATLAB (MathWorks
Inc., Natick, MA) to assess pitch, yaw and roll rotations and translation in left-right
(LR), anterior-posterior (AP) and superior-inferior (SI) axis as shown in figure 3.3.

Figure 3.3: Rigid translation and rotations within the patient rotation system. Right
and left orientations are relative to the participants physical supine orientation.

The rigid registration workflow was validated using a CIRS Model 048 male pelvis
multi-modality phantom (Imaging Solutions - figure 3.4). The phantom includes pelvic
bones, 177cc anechoic bladder, prostate, urethra, seminal vesicles and rectum. Manual
offsets of ± 5 mm, 10 mm, 30 mm and 50 mm were introduced in the LR and SI planes
and compared to translations from the transformation matrix following registration
to the centred phantom image. LR offsets were achieved by alignment with in-room
lasers with corresponding shifts applied and SI offsets by adjustment of the patient
table on the console. AP motion was not assessed as the MRI couch could not be incrementally adjusted, and it was concluded that any discrepancy between the measured
and registration translations would be apparent using the LR and SI directions.
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Figure 3.4: The CIRS Model 048 pelvic phantom was imaged on the MRI scanner.
Offsets were applied in the left-right and superior-inferior directions using the in-room
lasers and translations of the MRI couch.

3.2.2

Non-Rigid Deformation Assessment

Residual soft tissue deformation was assessed by non-rigidly registering each rigidly
registered image to the corresponding 0◦ image using deformable registration. The algorithm used is based on a cubic B-spline free-deformation model using a normalised
mutual information metric from the non-commercial open source software NiftyReg
(NiftyReg version 1.3.9) [67]. A displacement vector field (DVF) was generated from
the registration and analysed in MATLAB. Due to SI variations in the anatomy captured by the FOV between the 0◦ and angled scans, a SI mask was created on each of
the 2D scans following pre-processing using the itk interface package ITK-SNAP [225]
(http://www.itksnap.org). Each SI mask was then resampled to the rigidly registered
image using the transform from the rigid registration. The rigidly resampled SI mask
was then applied to the rigidly registered image and the 0◦ image to create a pair of
anatomically equivalent images for the non-rigid registration. The entire process is
summarised in figure 3.5.
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Figure 3.5: Image registration workflow. Step 1: An external contour was generated
for each image using the MiM body contour tool. Step 2: Couch marker alignment
to the respective 0◦ scan. Step 3: Images were masked with their respective external
contour to remove image artefacts outside the body before pre-processing then rigidly
registered to the 0◦ image. Step 4: SI masking was applied to the rigidly registered
image and the 0◦ scan before non-rigid registration of the rigidly registered image to
the 0◦ image. Transform files and deformation vector fields were exported to analyse
the rigid and non-rigid motions, respectively.

The accuracy of the non-rigid registration was evaluated on the two participants with
the highest and lowest BMI (Body Mass Index) scores (participant 8 and participant
4) by comparing external body contours, where maximum non-rigid deformation was
expected to occur, and bladder contours as shown in figure 3.6. The contours were
generated on the original rotated images using the contouring toolkit in MiM then
propagated to the non-rigidly registered images using transform files and DVFs from
the rigid and non-rigid image registrations, respectively. Finally, the propagated contours were compared to those generated on the 0◦ reference image with Dice Similarity
Coefficient (DSC) and the Maximum Average Surface Distance (MASD) between contours, as suggested by the AAPM TG132 report [49]. The DSC describes the overlap
between two contours with a value between 0 (no overlap) and 1 (complete overlap).
The MASD is the average distance between each point on a contour surface to the
nearest point on the contour being compared. A lower MASD corresponds to a closer
match between contour surfaces. Metrics were calculated using Plastimatch [226].
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Figure 3.6: External contour and bladder generation and propagation workflow.

The impact of image distortion and RF non-uniformity on the external body contour
due to B0 and B1 magnetic field inhomogeneities, respectively, as the participant was
rotated off axis during imaging was quantified by imaging a 20-litre plastic phantom
filled with cooking oil (30×30×15 cm3 ) on the PRS (figure 3.7). The imaging sequences
and registration workflow used for the participants was applied to the phantom images,
with an added step of applying a binary filter to the images prior to the registration
to remove the impact of air bubbles and fluid flow within the phantom impacting the
registration. Images were acquired with the phantom rotated to 0, 90, 180 and 270
degrees.

Figure 3.7: Imaging of the oil filled plastic phantom on the MRI Scanner.
∆B0 was evaluated using a gradient field mapping sequence acquired with TE’s of 10
ms and 12.46 ms echo (∆TE = 2.46 ms), TR 1000 ms, 2.5 mm in-plane resolution,
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200 × 200 matrix. A period of 10 minutes between repositioning the phantom at each
angle and imaging was applied to ensure the oil had settled within the phantom. The
phase image was first masked with the thresholded magnitude image so only changes
in phase inside the phantom were considered. Pixel intensities Pi within the phantom
(which were in the range 0:4096 - where the mid value of 2048 corresponds to no
change in phase) were then converted to phase difference ∆φ (in radians):

∆φ =

[Pi − 2048]
π
2048

(3.1)

The ∆φ was then converted into frequency by dividing by the difference in echo times
of the two images used to acquire the field map. The value was converted from radians
to Hz by dividing by 2π:

∆f (Hz) =

∆φ
2π∆T E

(3.2)

Frequency difference images were plotted for each angle, and the maximum and mean
∆f calculated in MATLAB.
RF uniformity was assessed in the first magnitude image by comparing the mean signal
(S) within a cylindrical ROI in the centre of the phantom to pixel intensities within
the phantom (Si ) following the method described by Liney et al. [227]. Average
absolute deviation (AAD), fractional uniformity (U) and signal to noise ration (SNR)
were calculated as follows:

AAD =

n
X

(|Si − S)|

(3.3)

AAD
S

(3.4)

i=1

U =1−
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SN R = 

S
SD
√
2



(3.5)

where SD represents the standard deviation within the signal ROI.
Uniformity maps were created within MATLAB using a three-colour scale to indicate
whether pixels were within < ±5%, ±5% − 10% or > ±10% of the mean ROI signal
intensity.
Correlation between average non-rigid deformation across all couch angles and body
mass index (BMI) was assessed using a Pearson’s correlation coefficient (r). The
quality of the linear fit was quantified using R-squared and adjusted R-squared (which
accounts for the number of independent variables) metrics:
PN

− x)(yi − y)
qP
N
2
2
i=1 (xi − x)
i=1 (yi − y)

r = qP
N

2

i=1 (xi

R =1−

(3.6)

PN

2
i=1 (yi − ŷi )
PN
2
i=1 (yi − y)

2
Radj
= 1 − (1 − R2 )

N −1
N −M −1

(3.7)

(3.8)

where x and y represent mean x and y values and ŷi is the predicted yi value from the
linear fit equation. N and M represents the number of sample points and independent
variables, respectively. For this study N represents the 8 participants and M is equal
to 1 (BMI score).
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Results
Rigid Motion

Average rigid motion is summarised in table 3.2. Rigid left-right (LR), anteriorposterior (AP) and superior-inferior (SI) translations from the rigid registration are
shown in figure 3.8 (a)-(c). The rigid registration yielded mean rotations of ≤ 2.5◦ in
all cases. Translations were most significant in the LR direction (average magnitude
range: 4.9 ± 6.1 mm (participant 6) to 29.0 ± 32.0 mm (participant 3)). Smaller
translations were observed in the AP (2.2 ± 1.4 mm (participant 6) to 8.6 ± 5.0 mm
(participant 8) and SI directions (0.91 ± 1.2 mm (participant 6) to 5.7 ± 3.6 mm
(participant 4)).
The magnitude of the rigid shifts varied between the participants with average 3D
displacement range: 5.8 ± 2.9 mm (participant 6) to 30.0 ± 11.0 mm (participant 3).
No correlation was present between 3D displacement magnitude and participant BMI.

3.3.1.1

Rigid Registration Validation

A comparison of measured and expected offsets of the CIRS pelvis phantom are shown
in figure 3.9. Mean differences of -2.0 mm and -2.3 mm between measured and expected
values for LR and SI offsets were observed, respectively. These systematic shifts, which
occurred in the same direction and of comparable magnitude for each position, were
attributed to variations in the laser position relative to the cross-hair markings on
the phantom and small lateral shifts of the flat-top couch on the MRI scanner, which
occurred during phantom positioning.

1.2
1.4
1.8
2.5
0.7
0.42
1.2
1.1

1
2
3
4
5
6
7
8

0.45
1.3
1.0
1.0
0.63
0.31
0.44
0.79

Mean
Yaw (◦ )

Participant Mean
ID
Pitch (◦ )

0.61
1.4
2.4
2.0
0.55
0.84
0.85
1.6

Mean
Roll (◦ )

Mean LR
Translation
(mm)
13.0
12.0
29.0
22.0
15.0
4.9
20.0
19.0

Mean AP
Translation
(mm)
6.7
5.2
8.2
6.5
5.0
2.2
3.6
8.6

Mean SI Mean 3D Displacement
TransMagnitude (mm)
lation
(mm)
2.7
17.0
1.2
13.0
1.3
30.0
5.7
25.0
2.7
17.0
0.91
5.8
1.0
21.0
2.1
21.0

Table 3.2: Mean rotations, translations and 3D displacement magnitudes following rigid registration
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Figure 3.8: (a) Left-Right (b) Anterior-Posterior and (c) Superior-Inferior translations
of each participant during rotation. Motions were most significant for the left-right
axis and varied sinusoidally with couch angle.

3.3. Results

59

Figure 3.9: Applied shifts of the CIRS pelvis phantom and values from the rigid
registration transform file following registration to the centred phantom position in
the (a) left-right and (b) superior-inferior directions. A gradient = 1 line is overlaid
indicating 100% agreement. A small systematic offset in the left and superior direction
was observed due to shifts in the flat-top on the MRI couch during re-positioning and
variation in the laser position relative to the markings on the phantom.

3.3.2

Non-Rigid Motion

Maximum and average non-rigid deformation magnitudes are summarised in figure
3.10 and varied greatly depending on the participant (average maximum deformation
magnitudes range: 10.0 ± 0.9 mm (participant 4) to 28.0 ± 2.8 mm (participant
8), average deformation magnitudes range: 2.3 ± 0.6 mm (participant 4) to 7.5 ±
1.0 mm (participant 8)). Deformations were concentrated on the external surface
due to compression or sagging during rotation as seen in the overlay of the participant
eight 135◦ image with the 0◦ image (figure 3.11) following each step of the registration.
Changes in the external surface following the rigid registration are seen on the anterior
and the right sides. Axial, coronal and sagittal views of the highest deformation scan,
healthy participant eight 90◦ , with overlaid displacement fields are shown in figure
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3.12.

(a) Maximum Non-Rigid Deformation Magnitudes

(b) Mean Non-Rigid Deformation Magnitudes

Figure 3.10: Boxplots of (a) maximum and (b) average deformation magnitudes following the non-rigid registration to the 0◦ isotropic image. Whiskers indicate the 25th
to 75th percentile, while the box indicates the 50th percentile. Maximum deformation depended greatly on the participant and was generally smallest at 180◦ and 360◦ .
Mean deformations were less than 9 mm for all participants.

Deformation magnitude histograms for the 8 participants are shown in figure 3.13. The
variation in deformation magnitude across the participants is again demonstrated, with
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Figure 3.11: Overlay of participant eight 0◦ image with the 135◦ image following (a)
couch marker alignment (b) rigid registration and (c) non-rigid registration. The rigid
registration aligns the rigid anatomy while the variation in the external contour is still
clearly visible prior to non-rigid registration.

Figure 3.12: Participant 8 90◦ non-rigidly registered image overlaid with the deformation vector field for (a) axial, (b) sagittal and (c) coronal slices. Non-rigid deformations
up to 30 mm were present on the anterior and right external surfaces due to compression under rotation with much smaller deformation internally. Images were generated
using the sMilx biomedical image analysis framework [228].
the 50% deformation magnitude varying between 3 mm for participant one and 7 mm
for participant eight, and 20% deformation magnitudes of 4 mm and 10 mm for the
same participants as indicated by red and blue lines.

3.3.2.1

Non-Rigid Registration Validation

The mean ± 1 standard deviation DSC and MASD values for the bladder and external
contours of the non-rigidly registered images to the respective reference 0-degree images
for participants four and eight are shown in table 3.3:
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Figure 3.13: Normalised histogram of deformation magnitudes. For participants 1, 2,
4 and 6, deformations were mostly below 5 mm while for participant 8 deformations
up to 15 mm are still visible. The 50 % and 20 % deformation lines for participant
one (solid line) and participant eight (dashed line) with values of 3 mm, 7 mm, 4 mm
and 10 mm are overlaid in red and blue, respectively.
Table 3.3: Comparison of average bladder and external body contours for participants
with the highest and lowest BMI scores (participant 8 and participant 4), with respect
to the 0◦ reference image contours. Values are quoted with one standard deviation
Participant
ID

Bladder

DSC

HV04
HV08

3.3.2.2

0.78 ± 0.04
0.50 ± 0.07

Maximum
Average
Surface
Distance
(mm)
2.7 ± 0.4
6.8 ± 1.6

External Body Contour

DSC

0.98 ± 0.01
0.99 ± 0.00

Maximum
Average
Surface
Distance
(mm)
1.0 ± 0.2
0.7 ± 0.1

Image Quality Phantom Measurements

The average external deformation magnitude in the oil filled plastic phantom for all
angles was 0.2 ± 0.1 mm and average maximum value 3.80 ± 0.94 mm with the highest
results at couch positions 90◦ (maximum 4.90 mm) and 315◦ (maximum 4.80 mm).
No significant distortion in the shape of the container was visually apparent as shown
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in figure 3.14. The regions where the deformation magnitude was greatest correspond
to the points on the phantom which were furthest from the imaging isocentre.

Figure 3.14: Deformation images of the oil filled container at (a) the 90◦ , (b) 180◦ and
(c) 270◦ positions following alignment back to the 0-degree position using MR visible
markers. No significant distortion of the image was present for any of the scans with
maximum deformations below 5 mm in all cases.
Frequency difference maps for angles 0, 90, 180 and 270 degrees are shown in figure
3.15:

(a) 0 Degrees

(b) 90 Degrees

(c) 180 Degrees

(d) 270 Degrees

Figure 3.15: Frequency difference map images of the phantom at 0, 90, 180 and 270
degrees. The largest difference on any image (184 Hz) corresponds to a distortion of
0.47 of pixels (for a nominal bandwidth = 395 Hz/pixel).

Maximum and mean ∆f (Hz) for the four angles were: 143/49 Hz, 140/54 Hz, 137/56
Hz and 96/54 Hz respectively. The majority of frequency differences for each phantom
angle were below 100 Hz. The largest phase difference observed on any image was 184
Hz which corresponded to less than half a pixel of distortion.
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B1 field uniformity maps for the same angles are shown in figure 3.16:

(a) 0 Degrees

(b) 90 Degrees

(c) 180 Degrees

(d) 270 Degrees

Figure 3.16: Uniformity (B1) maps for phantom images at 0, 90, 180 and 270 degrees.
Red, orange and white indicates signal < ±90%, ±90% − 95% and > ±95% of the
mean ROI signal, respectively.
Average absolute deviation, fractional uniformity and signal to noise ratio for each
angle is given in table 3.4.
Table 3.4: Average absolute deviation (AAD), fractional uniformity (U) and signal to
noise ratio (SNR) across the 0, 90, 180 and 270 degree angles
AAD
U
SNR

0 Degrees
8.6
1.0
237.0

90 Degrees
7.6
1.0
267.0

180 Degrees
8.4
1.0
245.0

270 Degrees
10.4
1.0
202.0

RF signal was within ±10% of the mean signal within an ROI in the centre of the
phantom for each phantom position with the greater signal loss at the edges of the
phantom. The majority of the signal was within ±5% of the centre ROI.

3.3.2.3

BMI and Non-Rigid Deformation

A correlation between participant BMI and average non-rigid deformation was observed (figure 3.17) with a correlation coefficient of 0.85 (p = 0.01).
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Figure 3.17: Correlation between body mass index (BMI) and maximum deformation.
A correlation was observed (0.84 p = 0.01), however is limited by the small data set
(adjusted R2 = 0.67) and small variability in BMI values (σ = 2.8).

3.4

Discussion

In this chapter, rigid and non-rigid pelvic motion was quantified for a cohort of 8
healthy participants. The magnitude of motion could be substantial, and varied between participants. Non-rigid (soft tissue) deformation was correlated with body mass
index.

Anatomical Motion
Rigid motion caused by rotation was predominantly in the left-right direction likely
due to shifts of the entire participant within the airbag supports. This finding was
supported by Barber et al. who observed the same trends on a smaller scale in a
lagomorph study [199]. The motion could be reduced by increasing airbag pressure
[176] however, since this system has no method to quantify air pressure, the inflation
is controlled based on the subjective tolerability of the participant. The motion could
be accounted for using rigid shifts of the PRS or the beam aperture analogous to
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current standard practice in image guided radiation therapy. An additional benefit of
MR-guidance over CBCT for gantry-free systems is that no rotation of the imaging
system with respect to the patient is required. Rigid shifts induced by rotation of the
subject during CBCT imaging have been shown to cause blurring and require correction methods [221].

No correlation was present between 3D displacement magnitude and participant BMI
however it was observed that the magnitudes of the displacement for the only male
participant (participant 6) were noticeably smaller compared with the female participants. This variation may be due to the anatomical differences of the male pelvis
compared with the female however more male participants would be required to validate this hypothesis. A correlation was observed between participant BMI and average
non-rigid deformation. This result is intuitive as a higher BMI likely indicates a higher
volume of deformable adipose tissue around the pelvis, but this result is however limited by the small number of participants and variation in BMI’s (standard deviation
2.8).

Mean differences of -2.0 mm and -2.3 mm were observed between the measured and
expected values for LR and SI shifts of the CIRS pelvic phantom, respectively. These
shifts occurred in the same direction and were of comparable magnitude for each position, which were attributed to variations in the laser position relative to the cross-hair
markings on the phantom and small lateral shifts of the flat-top couch on the MRI
scanner, which occurred during phantom positioning.

Residual non-rigid tissue deformations were dominated by variations in external contours caused by rotation which presents a challenge for EBRT as the depth dose will
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be subsequently affected [5]. Additionally, non-rigid shifts cannot be readily accounted
for with a rigid shift of the patient or the beam aperture. The impact of non-rigid
deformation could be mitigated by optimising a treatment plan for each couch angle,
however external deformations will likely change day to day so a daily re-optimisation
may be necessary with associated time and computation costs. An alternative approach could be strategic beam and couch angle placements to avoid regions of high
external contour deformation, however deformation magnitude for each angle would
need to be assessed on a daily basis to adapt to daily changes in deformations, and
beam weightings updated to favour angles with lower deformation magnitudes. Internal motion was less pronounced and of the same magnitude as intra-fraction motion
observed during a course of treatment. For instance, reported mean inter-fraction motion of the cervix can vary between 1.0-16.0 mm AP, 1.5-8.0 mm SI and 0.3-10.0 mm
LR [229, 230, 231] with individual AP motions up 63 mm [232]. Cree et al. note the
use of adaptive radiation therapy is often targeted to patients with substantial motion
during planning. It logically follows that the same approach with MR-guidance may
be applied to patients with intra-fraction motion introduced by rotation [233] with
MRI-guided EBRT for cervical cancer having already been demonstrated on a

60

Co

system [234], however the rotation induced motions will further contribute to motion
uncertainties which would need to be considered during treatment.

Image Quality and DIR Accuracy
One limitation of this study was the inability of the non-rigid registration to fully
match the internal anatomy, in particular when external contour deformation was
large (table 3.3). This is due to a combination of reduced image quality in the fast
acquisition (55s) images, reduced image contrast in the central anatomy, and the high
variability in soft tissue anatomy i.e. bladder filling and movement of the internal
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organs such as uterus and bowels [49] which cause variations in the shape and volume
of organs being registered. The inability of the image registration to account for significant volume changes will have caused an underestimation of the mean deformation
values. The maximum deformation results are unlikely to be affected since the registration performed well on the external contour where image contrast was high (table
3.3). Future work will be required to adequately address the internal registration challenges, possibly incorporating a surface coil to improve the image quality, as it could
result in variations in planned vs delivered dose. Given the high dose gradients that
exist between tumour volumes and organs at risk, image registration uncertainties
may have deleterious consequences during treatment if not corrected. Improved image
quality would nonetheless need to be weighed up with a likely increase in required scan
time, since maintaining short scan times would be desirable for an MR-guided treatment scenario given the added time which will be required for patient set-up, position
verification/adaption and treatment delivery. The internal registration accuracy may
also be improved by including contour-based alignment prior to global registration
at the expense of added time for contouring structures. Whelan et al. investigated
prostate, rectum, and bladder contour motion during rotation on this system and
found variations were within inter-contour variability following a prostate-guided rigid
registration [184].

Patient Positioning within the MRI and Image Fidelity
Image integrity is a significant issue for radiation therapy due to the high geometric
precisions required [235] and is further complicated by patient rotation for several reasons. Firstly, the introduction of the PRS and the patient may create inhomogeneity
and subsequent distortions in the main B0 field. Perhaps more significantly, during
the rotation the patients position within the magnet shifts off-centre. While the B0
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and gradient uniformity within the centre of the magnet is well controlled, this is not
the case further from the magnet centre at the edge of the patient. Rotation may also
cause differences in B1 transmission with subsequent signal variation across an image
which may compromise the quality of image registrations.

In this study it has been shown that both distortion (figure 3.15) and signal non uniformity (figure 3.16) were minimal with no deleterious or additive effects observed.
However, this should be evaluated for any MRI scanner utilising patient rotation. The
extent of image distortion as a function of distance from the isocentre has been previously investigated for the MRI scanner used in this study with distortions approaching
5 mm at radial distances of 450 mm and 175 mm SI from the imaging isocentre [236].
These magnitudes are consistent with the measurements taken with the oil filled phantom in this study and, though no geometric distortion was visible in the images, would
need to be considered for planning due to the tight geometric restrictions in radiotherapy. Due to the binary thresholding process, any internal deformation within the oil
volume were not detected. However, Walker et al. demonstrated deformation magnitudes on this system were most significant at the greatest distance from isocentre, as
measured relative to a ground truth CT image [236].

Cohort Size
Another limitation of the study relates to the participant cohort itself. The geometric restrictions of the MRI, and consequently the PRS, greatly restricted the size of
participants that were eligible to participate. These restrictions resulted in a large
representation of females given they are generally smaller than males. A more representative cohort would include a better comparison of male and female rigid and
non-rigid motion and quantification of deformation for participants with larger BMI
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scores. To utilise MRI, this may only be possible with an open magnet system to
facilitate the necessary space for a larger PRS. Additionally, the deformation results
presented here were acquired in a single imaging session. It is anticipated that anatomical deformation will vary day-to-day, which are as yet unquantified.

Future Aims
A future aim of this work will be to assess and quantify to what extent the described
deformation impacts treatment planning, particularly given the observed variability
across the participants. Optimal treatment angles and beams could then be devised for
treatments incorporating patient rotation. In instances where deformation is minimal,
i.e. patients with a BMI < 20, creating a treatment plan on the 0◦ image may be
sufficient, while in patients with significant deformation, multiple plans generated on
the angled images would be necessary. If angle specific plans were used, questions
relating to dose summation and optimisation would need to be addressed. These
challenges will be addressed in the next chapter.

3.5

Conclusion

Rigid and non-rigid deformation due to horizontal patient rotation have been quantified for a cohort of healthy participants. Left-right translations were the most substantial rigid motion and were caused by lateral shifts within the airbag supports. This
motion could be accounted for with rigid adjustments to the couch and/or beam aperture prior to treatment. Substantial non-rigid deformation of the external surface was
observed for some participants which was correlated with BMI, and if unaccounted for
would likely compromise treatment. Future work is required to assess the dosimetric
impact of this deformation in order to develop methods to facilitate the delivery of
radiotherapy with patient rotation under MRI guidance.

Chapter 4
Dosimetric Implications of
Horizontal Patient Rotation for
Prostate IMRT
4.1

Introduction∗

One of the most significant concerns with horizontal patient rotation relates to what
degree anatomical deformation will occur, and to what extent the deformation would
impact a treatment. In chapter 3 the magnitude of rigid and soft tissue deformation
during rotation was quantified for a cohort of healthy participants. Non-rigid deformations of up to 28 mm were observed in some cases. In addition to external soft
tissue deformation, internal organ motion is likely to occur as was shown by Whelan
et al. [184] for a single participant. It is unclear how much this pelvic motion would
vary across a cohort of patients and, more importantly, the impact of horizontal rotation on a radiotherapy treatment. It is also unclear what level of adaption would be
∗

Part of this chapter has been published in the Medical Physics journal: Buckley, J. G., et al.
Pelvic Organ Motion and Dosimetric Implications During Horizontal Patient Rotation for Prostate
Radiation Therapy. Med. Phys. 48(1) (2020): 397-413
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required to account for motion of internal anatomy and deformation of the external
body contour.
In this chapter, the impact of rotation on the positional changes in structures relevant
to prostate IMRT and subsequently on treatment plans for intact prostate IMRT is
assessed. More specifically, (i) To what extent does horizontal rotation cause internal
motion of organs relevant to prostate IMRT? (ii) What is the impact of organ motion
and external contour deformation on a treatment and what level of plan adaptation
is required to account for changes in organ position and external body contour deformation during rotation? The prostate was chosen to give a consistent anatomical
treatment target across all participants, and where MRI sequences and sCT generation
techniques were already developed in-house [78].

4.2

Methods and Materials

Details regarding the patient rotation system (PRS) and eligibility criteria relating
to the MRI scans and geometric restrictions of the PRS are described in section 3.2.
Participants for this study were recruited from follow-up prostate cancer patients which
were identified as meeting the eligibility criteria. Informed consent was obtained by
the radiation oncology clinical trials department. The study was approved by the local
health district ethics committee (ACTRN12618000676213). As there is little published
data on the magnitude of anatomic deformation during rotation, the sample size was
pragmatically chosen to obtain sufficient information but not expose human subjects
to unnecessary scans. The participant demographics are summarised in table 4.1.
A summary of the entire workflow used in this chapter is shown in figure 4.1 and each
step summarised in the following sections below:
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Table 4.1: Participant demographic information. BMI - Body Mass Index
Participant Age
ID
1
73
2
68
3
67
4
80
5
60
6
77
7
78
8
64

Height (cm)
167
159
170
168
180
163
160
195

Weight (kg) BMI
90
74
75
71
77
80
65
65

32.3
29.3
26.0
25.2
26.6
30.1
25.4
17.1

Prostate
Volume
(cm3 )
62
31
67
62
57
53
55
54

Figure 4.1: Workflow summary.

4.2.1

Imaging

Images were acquired in 45-degree increments from 0-degrees (supine) to 360-degrees.
A high quality 3D scan (scan time 6 minutes) was acquired at the supine position,
and faster 3D scans (scan time 55 seconds) acquired at the other couch angles. De-
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tails relating to MR image acquisition parameters are described in section 3.2. Each
participant was instructed to empty their bladder one hour prior to imaging and drink
500ml of water immediately afterwards. The integrated body coil of the MRI scanner
was used to transmit and receive the MR signal since the use of a surface coil with the
PRS was not feasible due to the geometric restrictions of the participant, PRS and
the MRI bore. An example of the images acquired is shown below in figure 4.2:

Figure 4.2: MR images of participant 1 acquired for each couch angle (360 degree
not shown). The MR-visible couch markers used for couch-marker alignment to the
0-degree (supine) coordinate space are also visible.

The images were exported from the MRI scanner and an external body contour was
generated on each image using tools from the MiM Picture Archiving and Communication System (PACS) (version 6.8, MIM Software Inc., Cleveland, OH, USA).

4.2.2

Image Processing and synthetic-CT and Contour Generation

The images and their respective external contours were exported from MiM and manually re-oriented to the supine co-ordinate space using 3D Slicer as described in section
3.2 and shown in figure 3.2.
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The MR images were then converted to synthetic-CT’s (sCT) and the bladder, rectum,
pelvic bones and femoral heads were auto-contoured on the higher quality supine image
using a multi-atlas approach described by Dowling et al. [78]. The contours were then
re-imported into MiM and minor corrections were made where necessary following
a fusion of the sCT to the original supine MR image. The prostate contour was
manually generated on the image and checked by a radiation oncologist. An example
of the corrected contours on the MR image in MiM, and on the sCT are shown in
figure 4.3.

Figure 4.3: Corrected prostate, rectum, bladder and femoral head contours on the MR
image in MiM, and on the sCT image.
To generate contours on the non-supine sCT images, a workflow was created within
MiM (figure 4.6). The workflow required three inputs: the supine MRI image with
the corrected contours, the couch marker aligned MR image and the sCT generated
from the corresponding couch marker aligned MR image. The supine MR image
was fused, then deformably registered to the couch marker aligned MR image and
the contours then propagated to the couch marker aligned MR image (figure 4.4).
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Figure 4.4: Step 1 of the MiM workflow for transfer of contours onto couch angle
MR images. The supine MRI and contours (planning MRI), angled MRI (aligned to
0-degrees with couch markers) and the corresponding angled sCT are loaded into the
MiM workflow. The planning MRI is deformably registered to the angled MRI and
the contours propagated. Propagated contours are checked and modified if necessary
on the couch angle MRI image.
Deformed contours were then corrected on the couch marker aligned MR image if
necessary, before being fused onto the sCT image and exported (figure 4.5). This
workflow was designed to be representative of an MRI-guidance work flow whereby the
planning MRI is deformed to the daily MRI image [237]. The procedure is summarised
in figure 4.6.

4.2.3

Contour Analysis

The contoured sCT images were exported from MiM and converted to Nifty file format
(.nii) using the MilxReadDICOMRT command from the MilxView package [238]. Variation between the contours from each couch angle sCT image (following couch marker
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Figure 4.5: Step 2 of the MiM workflow. The couch angled MRI with the new contours
is fused onto the corresponding sCT and contours transferred. The contours are saved
into the sCT and then exported from MiM.

Figure 4.6: Workflow for transfer of contours onto couch angle MR images. The
workflow is representative of what is used for on-line MRI-guided treatments.
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alignment) from the corresponding supine image were assessed using Dice Similarity
Coefficient (DSC) and Mean Absolute Surface distance (MASD) which were calculated using the open source software package Plastimatch [226]. These metrics were
selected to be consistent with the recommendations of the AAPM Task Group 132
[49] to use a combination of overlap and distance metrics to assess contour variation.
The lateral (LR), anterior-posterior (AP) and superior-inferior (SI) prostate centroid
positions were also recorded to quantify the magnitude of prostate motion in each
axis (left-right, anterior-posterior and superior-inferior). A bash script was used to
calculate each metric and the results saved to a .csv file. A MATLAB script was used
to import each .csv file, extract and analyse the results.
To separate internal organ motion from whole pelvic motion of the participant within
the supporting airbags of the PRS, a second script rigidly registered the pelvic bones
of each couch-marker aligned image to the corresponding supine pelvic bones using the
Reg Aladin global rigid registration algorithm from the open source software NiftyReg
(NiftyReg version 1.3.9) [67]. The resulting transformation matrix was used to propagate the prostate, rectum and bladder. Following bone-guided alignment, DSC, MASD
and prostate centroids were re-calculated (figure 4.7).
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Figure 4.7: Contour analysis workflow. For each sCT contour set, Dice Similarity
Coefficient (DSC) and Mean Absolute Surface Distance (MASD) for the prostate,
rectum and bladder were calculated relative to the supine position following couchmarker alignment to the supine coordinate space. DSC and MASD were re-calculated
following bone-guided alignment to separate internal organ motion from motion of
the participant within the patient rotation system. Left-right, anterior-posterior and
superior-inferior prostate centroid shifts were also recorded following couch marker,
and bone-guided alignment.

4.2.4

Treatment Planning

To evaluate how much plan adaption would be required for a treatment incorporating horizontal rotation of the patient, three planning scenarios were considered: (a)
no change from the original plan or isocenter (No Adaption), (b) rigid-alignment of
isocenter to the new prostate position with no change to the original plan (Rigid shift)
and (c) full re-optimisation of a treatment plan at each couch angle based on the
current anatomy (Re-Optimised). For each participant, a seven field IMRT plan was
created within the Pinnacle treatment planning system (Version 16.02) on the supine
sCT image and contour set using beam angles of 0, 56, 100, 153, 204, 260 and 301
degrees (figure 4.8). The beams were aligned to an isocentre point which was placed
at the centre of the prostate. The planning target volume (PTV) was created using a
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uniform 0.7 cm margin around the prostate (no seminal vesicles), with a prescription
of 78 Gy in 39 fractions (IMRT) [239, 240]. Scripts within Pinnacle were used to set-up
the IMRT plan and to generate additional contour expansions for IMRT optimisation.
IMRT optimisation objectives are shown in table 4.2. Direct Machine Parameter Optimisation (DMPO) was used for the optimisation (Maximum iterations: 80, maximum
segments: 30, minimum segment area: 4.0 × 4.0 cm2 , minimum segment MU: 4, minimum number of leaf pairs: 2, minimum leaf end separation: 1.5 cm). The final dose
was calculated using the adaptive convolution algorithm [241] with a dose grid resolution of 0.4 × 0.4 × 0.4 cm3 . IMRT was chosen over an arc based treatment to more
easily investigate any relationship between couch angle and relative beam weightings
for re-optimised plans. Additionally, initial gantry-free treatments would most likely
not involve arc treatments due to the complexities of external contour deformation
outlined in chapter 3 and motion of a patient within the PRS during rotation. VMAT
is also not currently available on MRI-Linacs.

Figure 4.8: 2D Dose overlay of the 0-degree plan on 0-degree image of participant 1.
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Table 4.2: IMRT optimisation objectives
ROI
Prostate
PTV
PTV
PTV
PTV
Bladder
Bladder
Femoral Heads
Rectum
Rectum
Rectum
Rectum
Rectum
Rectum

Type
Uniform Dose
Minimum Dose
Maximum Dose
Minimum DVH (D95)
Minimum DVH (D50)
Maximum DVH (D40)
Maximum DVH (D30)
Maximum DVH (D10)
Maximum DVH (D50)
Maximum DVH (D40)
Maximum DVH (D30)
Maximum DVH (D20)
Maximum DVH (D10)
Maximum DVH (D5)

Dose (Gy)
80.5
74
83
78
80
50
60
40
40
50
60
65
70
75

Volume (%)
–
–
–
95
50
40
30
10
50
40
30
20
10
5

The treatment planning approach used for this study, where all beams are optimised
on each rotated anatomy, while not representative of a gantry-free treatment, is pragmatic and commercially available. Mathematically, IMRT optimisation based on all
anatomical expressions can be expressed as:

D=

N
X

Dφ (x(µφ )Lφ (M U ))

(4.1)

φ=1

The IMRT optimisation goal is to find leaf sequences L for each beam angle φ as a
function of monitor units MU, which minimises the dosimetric cost function based
on the set of planning objectives. The dose D that is input into the cost function
is calculated from the sum of doses over the patient anatomy x(µφ ) for a given leaf
sequence.
In this study, the standard commercially available IMRT optimisation was applied,
0

0

where the dose was optimised for all beams to the anatomy x , where x is the anatomy
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for a given participant rotation angle:

Dapprox =

N
X

 0

Dφ x , Lφ (M U )

(4.2)

φ=1

This approach provides an indication of the variations in dose that are caused by
the influence of gravity during horizontal rotation and inform what amount of plan
adaption is necessary when developing a gantry-free treatment planning approach.
Changes in plan quality were evaluated by comparing PTV coverage using D95% (PTV
D95), D50% (PTV D50) and D02% (PTV D02) metrics and prostate coverage using
the D99% (Prostate D99). Bladder and rectum dose was evaluated using V50Gy and
V60Gy (Bladder V50 and Bladder V60, RectumV50, RectumV60). Dose to the left
and right femoral heads was also compared using D10% (LTHOF D10, RTHOF D10).
To perform the analysis, DICOM files were exported from each plan and imported
into MATLAB (MathWorks Inc., Natick, MA). In-house scripts and open source code
were used to generate DVH files and calculate the plan metrics. A two-tailed paired
Wilcoxon signed rank test was calculated for each dose metric to test for a statistically significant change in a plan metric (across all participants) for each couch angle,
compared with the supine position. The Wilcoxon test was used as the distribution
of the differences between the two samples used in each test was not assumed to be
normally distributed.

4.2.4.1

No Plan Adaption

To simulate a situation where no plan adaption was applied, the beams from the supine
plan were copied onto each sCT with no change to the isocenter coordinate. This
represents a worst case scenario where the plan which was created on the supine image
and contours is delivered to the same point in space regardless of patient position.
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Rigid Shift Plan

To evaluate the impact of rotation where a rigid alignment to the prostate was applied,
the isocenter position of the no adaption plan was shifted to the centre of the prostate
for each sCT and the dose recalculated. This approach is analogous to a standard
online IGRT, whereby a plan would be created on a planning CT, (supine sCT) and
each fraction delivered following rigid shift of the patient based on the daily target
position.

4.2.4.3

Re-Optimised Plan

To simulate a full re-optimisation for each couch position, which takes into account
anatomical changes in addition to translations, a new IMRT plan was generated and
optimised on each sCT image and contour set as was done for the supine sCTs. To
quantify change in optimised plans caused by deformation of the external body contour
shape and/or internal organs, the total delivered Monitor Units (MU) and beam segments were compared for each re-optimised plan. Change in relative beam weightings
(as a percentage of the total MU) were also compared to the supine position for each
beam angle, i.e for each couch angle (y), relative weighting for beam (x) was given by:

"
Beamx
(%) =
∆RelativeW eightingCouchAngle
y

Beamx
M UCouchAngle
y

T otalM UCouchAngley

!
−

Beamx
M UCouchAngle
0

!#

T otalM UCouchAngle0
(4.3)

∗100
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Results
Organ Motion Assessment

Examples of the translation of the prostate, rectum and bladder for participant two
270-degree image are shown in figure 4.9. The supine MR images are overlaid to show
the improved correlation of anatomy following the bone-guided alignment. The sCT
and the corresponding external body contours for participant two’s 0-degree and 270degree couch angle are shown in figure 4.10 following couch marker alignment and
bone-guided registration. The improved overlap of bones post bone-alignment is clear,
while the deformation in external body contour on the anterior surface is visible.

Figure 4.9: Prostate, rectum and bladder contours for the 270-degree participant two
image before (green) and after (red) bone-guided rigid alignment to the 0-degree image
(overlaid).
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Figure 4.10: 0-degree (red) and 270-degree (green) participant two sCT with external
body contour overlaid with (left-right) couch marker alignment only, and following
rigid bone-guided registration.

Translations and rotation of the participants within the PRS (whole pelvic motion),
quantified by the bone-guided registrations, are shown in table 4.3. Translation within
the PRS was predominantly in the LR direction, which varied sinusoidally as the
participant was rotated, with peaks at the 90-degree and 270-degree couch positions,
and anteriorly, which was maximum at the 180-degree couch position (prone). Range
of motion during rotation in the LR direction varied from 21.3 mm for participant seven
to 53.0 mm for participant five. The AP range of motion varied between 4.6 mm for
participant three and 32.7 mm for participant eight and the SI range of motion varied
between 6.6 mm for participant seven and 18.2 mm for participant eight. Average
rotations were < 3 degrees for all but one case (-3.3
The maximum rotation was -5.9

◦

◦

degrees participant five (roll)).

roll, also for participant five.

Boxplots showing the variation in prostate, bladder and rectum DSC and MASD between the participants following couch marker alignment and bone-guided registration
are shown in figure 4.11. Agreement to the supine contours is greatly improved post
bone-guided alignment, and the variation between participants was reduced. Maximum contour variation occurred between the 180-degree and 225-degree couch angles.
Prostate translations in the LR, AP and SI axis following couch marker alignment
and bone-guided alignment are shown in figure 4.12. After couch-marker alignment,

Mean Pitch
(degrees)

-0.3 (-2.5:2.2)
2.2 (-0.9:5.7)
-0.3 (-2.7:2.6)
-1.3 (-4.4:2.2)
2.7 (-0.8:5.6)
-0.9 (-1.9:-0.2)
-0.1 (-1.7:1.4)
0.7 (-2.6:4.2)

Participant
ID

01
02
03
04
05
06
07
08

-0.8 (-3.4:1.9)
0.1 (-0.8:1.7)
0.1 (-3.5:4.3)
-1.0 (-2.3:0.2)
-0.5 (-2.3:0.6)
-0.5 (-1.8:0.5)
-1.1 (-3.0:0.0)
-0.8 (-3.5:2.0)

Mean Yaw
(degrees)
-0.2 (-2.0:1.2)
-1.2 (-3.1:0.4)
-0.6 (-3.1:0.7)
-0.7 (-2.6:1.1)
-3.3 (-5.9:-0.1)
-1.1 (-3.1:0.5)
0.2 (-0.7:1.1)
0.3 (-0.9:3.8)

Mean Roll
(degrees)

Mean LR
Translation
(mm)
7.4 (-8.2:22.0)
-7.1 (-28:12.0)
-9.1 (-40.0:22.0)
-2.1 (-28.0:20.0)
0.7 (-28.0:25.0)
2.1 (-15.0:18.0)
3.6 (-7.3:14.0)
4.2 (-13.0:20.0)

Mean AP
Translation
(mm)
3.2 (-1.4:9.9)
18.0 (5.3:28.0)
0.8 (-1.7:2.9)
5.2 (1.7:8.8)
3.8 (0.1:7.1)
0.7 (-2.2:3.4)
3.4 (0.5:7.3)
15.7 (3.3:36.0)

Mean SI
Translation
(mm)
0.4 (-4.1:3.2)
4.5 (-0.5:12.0)
-1.9 (-6.4:5.6)
9.4 (1.7:18.0)
5.0 (-4.8:13.0)
1.0 (-4.3:6.2)
1.7 (-0.6:5.9)
6.2 (-3.2:15.0)

Table 4.3: Average translations and rotations of the bone-contour registrations for each participant across all couch angles.
The range of values is also shown
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Figure 4.11: Comparison of Dice Similarity Coefficient and Mean Absolute Surface
Distance for the prostate, bladder and rectum contours following couch marker alignment (red), and bone-guided alignment (blue) to the supine image.
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LR prostate motion varied sinusoidally during the rotation (range: -28 mm to 44
mm), with maximum displacement at the 90-degree and 270-degree couch positions.
AP motion (range: -44 mm to 4 mm) was maximal between the 135-degree and 225degree couch angles and SI motion (range: -2 mm to 25 mm) between the 180-degree
and 225-degree couch angles. Following bone-guided alignment, LR motion was < 2
mm for all couch angles. Maximum displacement for the AP (-11 mm : 4 mm) and
SI (0 mm : 14 mm) motion occurred at the same couch angles as the couch-marker
aligned contours, but lower in magnitude and variability between the participants.

4.3.2

Adaptive Planning Strategy Comparison

Boxplots of dose and volume metrics for each participant are shown in figure 4.13.
Plots show the variation in each metric across all couch angles for the three planning
scenarios (no adaption, rigid shift and re-optimisation). Target coverage was compromised for all participants when no plan adaption was applied. Participant two had a
large increase in rectum dose for the no adaption plans as the anterior motion within
the PRS dropped the rectum into the high dose region (figure 4.16). The anterior
translation within the PRS also moved the bladder further from the high dose region
which resulted in a reduced bladder dose for the no adaption plans. Participant eight
had the largest drop in target coverage and bladder dose due to the large AP motion
within the PRS and a comparatively small bladder volume.
Following rigid alignment, target coverage was improved and more consistent across
all couch angles with standard deviations of ≤ 1.1 Gy for all target metrics between
couch angles, and mean doses all within 1 Gy of the original supine plans. Dose metrics
matched the supine values for all couch angles following plan re-optimisation. Bladder
and rectum doses were not impacted by the plan re-optimisation, compared with the
rigidly aligned plans.
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Figure 4.12: Prostate centroid motion in the left-right (LR), anterior-posterior (AP)
and superior-inferior (SI) directions following couch-marker alignment, and boneguided alignment to the supine position.
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Dose volume histogram plots for participant one and two 180-degree sCTs are shown in
figure 4.14 to visually compare the prostate, PTV, rectum and bladder doses between
the original supine plan and the 3 plan scenarios where participant motion within the
PRS was small (participant one) and large (participant two). For participant two,
the greater motion within the PRS resulted in a larger loss of target coverage and an
increase in rectum dose.
Isodose curves for participant two at 0, 90, 180 and 270-degrees with no plan adaption
are shown in figure 4.15. The variation in dose within the participant due to motion
within the PRS is readily observed. Isodose curves for participant two 135-degree
couch angle for the no adaption, rigid shift and re-optimised plans is shown in figure
4.16. Rigid alignment re-positioned the prostate within the high dose region, while
D95% coverage was improved following plan re-optimisation.
The average dose metrics for each couch angle (across all participants) for the no adaption, rigid shift and re-optimised plans are shown in tables 4.4, 4.5 and 4.6, respectively. For each planning scenario, an asterisk (*) indicates a statistically significant
(p < 0.05) change compared to the supine (0-degree couch angle) metrics across all
participants using the Wilcoxon sign rank test.
Target coverage was compromised for all target metrics with no plan adaption. For the
rigidly aligned plans, a small but statistically significant reduction in PTV D95%, PTV
D50% and prostate D99% was observed for nearly all couch angles. Variability in PTV
D50 and PTV D95 metrics, as measured by standard deviation, was also higher between participants at each couch angle compared with the original supine plans. Left
femoral doses were statistically higher between couch angles 225-315-degrees while
right femoral doses were statistically higher at 90-135-degrees. Following plan reoptimisation, only the prostate D99% at the 135-degree couch angle was significantly
different, however the mean D99% was still equal to the 0-degree plan within 2 signifi-
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Figure 4.13: Dose and volume metrics for the 8 participants (across all couch angle)
for no adaption, rigid adaption and re-optimised plans.
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Figure 4.14: DVH comparisons for participant one and two at the 180-degree couch
angle. The bladder, rectum, prostate and PTV is compared between the non-adaption,
rigid shift, re-optimised and the original supine plans. Target coverage on participant
two is lower and the rectum dose higher prior to rigid alignment.

Figure 4.15: Iso-dose curves for no adaption plan delivered to participant two at 0,
90, 180 and 270-degree couch angles. The plan optimised on the supine image was
delivered to the other angles with no change in MU, beam weightings or beam isocentre. The prostate and PTV can be seen in red and green, respectively.

Figure 4.16: Iso-dose curves on participant two 135-degree couch angle image with
(L-R) no adaption, rigid shift and re-optimised plans on the 135 degree image. The
prostate and PTV can be seen in red and green, respectively.
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cant figures, and the standard deviation for the 135-degree prostate D99% was actually
less (0.4 Gy) compared with the supine plans (0.5 Gy). Standard deviations between
dose metrics was also consistent with the supine plans following re-optimisation.
Rectum dose metrics were statistically lower than the supine position between couch
angles of 90-degrees and 225-degrees, for both rigidly aligned and re-optimised plans.
Bladder dose metrics did not depend on couch angle.
Boxplots of the total MU delivered across all re-optimised plans per participant, couch
angle and relative percentage change in beam weightings for each beam angle are shown
in figure 4.17. Variations in relative beam weightings for each couch angle compared
to the supine plan (as a percentage of total MU) are also summarised in Table 4.7.

Contour
Metric
PTV
D95%
(Gy)
PTV
D50%
(Gy)
PTV
D02%
(Gy)
Prostate D99%
(Gy)
LTHOF D10%
(Gy)
RTHOF D10%
(Gy)
Rectum V50Gy
(%)
Rectum V60Gy
(%)
Bladder
V50Gy (%)
Bladder
V60Gy (%)

45◦

60.0 ± 7.5*

78.0 ± 0.9*

81.0 ± 0.9*

71.0 ± 5.9*

32.0 ± 3.9*

29.0 ± 2.7*

28.0 ± 8.4

22.0 ± 10.0

12.0 ± 6.7*

8.5 ± 4.6

0◦

78.0 ± 0.3

80.0 ± 0.2

82.0 ± 0.5

79.0 ± 0.5

31.0 ± 3.4

30.0 ± 2.9

29.0 ± 5.6

20.0 ± 4.5

19.0 ± 12.0

15.0 ± 9.4

3.0 ± 3.0*

4.6 ± 4.2*

24.0 ± 17.0

30.0 ± 16.0

28.0 ± 2.9*

32.0 ± 5.0

52.0 ± 13.0*

80.0 ± 0.8*

74.0 ± 6.6*

41.0 ± 10.0*

90◦

1.4 ± 2.3*

2.5 ± 3.2*

25.0 ± 15.0

29.0 ± 13.0

27.0 ± 3.2*

30.0 ± 4.6

49.0 ± 21.0*

80.0 ± 1.2*

69.0 ± 15.0*

37.0 ± 16.0*

135◦

0.5 ± 1.1*

1.0 ± 1.9*

24.0 ± 13.0

26.0 ± 13.0

27.0 ± 3.9*

30.0 ± 4.4

45.0 ± 21.0*

80.0 ± 1.8*

68.0 ± 18.0*

27.0 ± 14.0*

Couch Angle
180◦

0.3 ± 0.5*

0.7 ± 0.8*

21.0 ± 11.0

25.0 ± 12.0

29.0 ± 7.4

27.0 ± 7.3

34.0 ± 21.0*

79.0 ± 4.7*

64.0 ± 20.0*

20.0 ± 15.0*

225◦

1.8 ± 2.0*

2.5 ± 2.5*

17.0 ± 8.6

22.0 ± 9.1

35.0 ± 9.5*

27.0 ± 5.5*

40.0 ± 24.0*

80.0 ± 0.4*

62.0 ± 15.0*

29.0 ± 17.0*

270◦

2.6 ± 3.4*

3.8 ± 4.3*

17.0 ± 11.0

23.0 ± 11.0

37.0 ± 11.0*

28.0 ± 4.3*

48.0 ± 22.0*

80.0 ± 0.5*

68.0 ± 11.0*

40.0 ± 20.0*

315◦

8.2 ± 5.4

11.0 ± 6.4

20.0 ± 7.7

27.0 ± 7.7

31.0 ± 4.9

30.0 ± 3.1

74.0 ± 4.9*

81.0 ± 0.5*

79.0 ± 0.6*

66.0 ± 9.9*

360◦

Table 4.4: Average dose and volume metrics at each couch angle for the no adaption plans ± 1 standard deviation. An
asterisk (*) indicates a statistically significant change from the 0-degree (supine) values (P < 0.05 Wilcoxon Sign Rank Test)
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Contour
Metric
PTV
D95%
(Gy)
PTV
D50%
(Gy)
PTV
D02%
(Gy)
Prostate D99%
(Gy)
LTHOF D10%
(Gy)
RTHOF D10%
(Gy)
Rectum V50Gy
(%)
Rectum V60Gy
(%)
Bladder
V50Gy (%)
Bladder
V60Gy (%)

45◦
77.0 ± 0.9*
79.0 ± 0.7*
81.0 ± 0.9
78.0 ± 0.9*
31.0 ± 3.1
30.0 ± 2.7
29.0 ± 5.3
20.0 ± 4.3
23.0 ± 16.0
18.0 ± 12.0

0◦

78.0 ± 0.3

80.0 ± 0.2

82.0 ± 0.5

79.0 ± 0.5

31.0 ± 3.4

30.0 ± 2.9

29.0 ± 5.6

20.0 ± 4.5

19.0 ± 12.0

15.0 ± 9.4

18.0 ± 14.0

23.0 ± 18.0

17.0 ± 5.8*

24.0 ± 7.5*

30.0 ± 2.7*

31.0 ± 3.0

78.0 ± 1.0*

81.0 ± 0.8

79.0 ± 0.7

78.0 ± 1.0*

90◦

19.0 ± 14.0

23.0 ± 17.0

14.0 ± 4.8*

21.0 ± 5.4*

31.0 ± 2.8*

31.0 ± 2.9

78.0 ± 1.0*

81.0 ± 0.6

79.0 ± 0.6*

77.0 ± 1.1*

135◦

17.0 ± 13.0

22.0 ± 16.0

15.0 ± 4.6*

21.0 ± 5.1*

30.0 ± 2.7

32.0 ± 3.3

78.0 ± 0.9*

81.0 ± 0.6

79.0 ± 0.7

78.0 ± 1.1*

Couch Angle
180◦

16.0 ± 13.0

21.0 ± 15.0

15.0 ± 5.3*

22.0 ± 6.1*

30.0 ± 2.7

32.0 ± 3.4*

78.0 ± 1.1*

81.0 ± 0.6

79.0 ± 0.6*

77.0 ± 1.1*

225◦

14.0 ± 12.0

18.0 ± 15.0

17.0 ± 5.4

24.0 ± 6.2

29.0 ± 2.7

32.0 ± 3.7*

78.0 ± 1.0*

81.0 ± 0.8*

79.0 ± 0.7*

77.0 ± 1.0*

270◦

14.0 ± 9.4

18.0 ± 12.0

17.0 ± 4.1

25.0 ± 4.6

29.0 ± 2.7

32.0 ± 3.6*

78.0 ± 1.0*

81.0 ± 0.8*

79.0 ± 0.6*

77.0 ± 0.8*

315◦

14.0 ± 8.6

18.0 ± 11.0

18.0 ± 4.0

27.0 ± 4.4

29.0 ± 2.7

31.0 ± 3.4

78.0 ± 0.9*

81.0 ± 0.8*

79.0 ± 0.6*

77.0 ± 0.8*

360◦

Table 4.5: Average dose and volume metrics at each couch angle for the rigid shift plans ± 1 standard deviation. An asterisk
(*) indicates a statistically significant change from the 0-degree (supine) values (P < 0.05 Wilcoxon Sign Rank Test)
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Contour
Metric
PTV
D95%
(Gy)
PTV
D50%
(Gy)
PTV
D02%
(Gy)
Prostate D99%
(Gy)
LTHOF D10%
(Gy)
RTHOF D10%
(Gy)
Rectum V50Gy
(%)
Rectum V60Gy
(%)
Bladder
V50Gy (%)
Bladder
V60Gy (%)

45◦
78.0 ± 0.3
80.0 ± 0.3
82.0 ± 0.6
79.0 ± 0.5
30.0 ± 2.4
31.0 ± 3.2
29.0 ± 5.6
21.0 ± 5.3
22.0 ± 13.0
17.0 ± 9.8

0◦

78.0 ± 0.3

80.0 ± 0.2

82.0 ± 0.5

79.0 ± 0.5

31.0 ± 3.4

30.0 ± 2.9

29.0 ± 5.6

20.0 ± 4.5

19.0 ± 12.0

15.0 ± 9.4

17.0 ± 11.0

22.0 ± 14.0

18.0 ± 5.0*

25.0 ± 5.3*

31.0 ± 3.9

30.0 ± 3.2

79.0 ± 0.7

82.0 ± 0.5

80.0 ± 0.1

78.0 ± 0.3

90◦

17.0 ± 10.0

22.0 ± 13.0

16.0 ± 4.9*

23.0 ± 5.4*

32.0 ± 4.0

32.0 ± 3.6

79.0 ± 0.4*

81.0 ± 0.6

80.0 ± 0.3

79.0 ± 0.3

135◦

15.0 ± 9.4

20.0 ± 13.0

16.0 ± 5.2*

22.0 ± 5.8*

30.0 ± 2.3

30.0 ± 2.1

79.0 ± 0.5

81.0 ± 0.6

80.0 ± 0.2

78.0 ± 0.3

Couch Angle
180◦

16.0 ± 11.0

21.0 ± 14.0

17.0 ± 5.2*

24.0 ± 5.5*

30.0 ± 2.9

31.0 ± 2.3

79.0 ± 0.6

82.0 ± 0.5

80.0 ± 0.2

78.0 ± 0.2

225◦

14.0 ± 11.0

18.0 ± 14.0

19.0 ± 4.5

26.0 ± 5.8

30.0 ± 3.6

31.0 ± 3.9

79.0 ± 0.7

82.0 ± 0.6

80.0 ± 0.2

78.0 ± 0.3

270◦

14.0 ± 8.8

18.0 ± 12.0

19.0 ± 4.1

27.0 ± 4.4

31.0 ± 2.7

32.0 ± 2.3

79.0 ± 0.4

82.0 ± 0.8

80.0 ± 0.3

79.0 ± 0.1

315◦

14.0 ± 8.4

17.0 ± 11.0

19.0 ± 4.5

27.0 ± 5.3

32.0 ± 2.6*

32.0 ± 2.6

79.0 ± 0.7

81.0 ± 0.4

80.0 ± 0.2

78.0 ± 0.4

360◦

Table 4.6: Average dose and volume metrics at each couch angle for the re-optimised plans ± 1 standard deviation. An
asterisk (*) indicates a statistically significant change from the 0-degree (supine) values (P < 0.05 Wilcoxon Sign Rank Test)
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Figure 4.17: Boxplot of the total delivered MU across each re-optimised couch angle
plan for each participant, delivered MU for each couch angle across all 8 participants,
and the average relative percentage change in MU for each beam angle across all
re-optimised plans.
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Total monitor units for re-optimised plans varied between 339 (participant four 225degree couch angle) and 468 (participant three 360-degree couch angle). The maximum
change in plan MU for any couch angle compared to the original 0-degree (supine) plan
for any single participant was 11% (participant seven 90-degree couch angle. MU was
more variable between participants than between couch angles. Average change in
relative beam weightings compared to the supine plan varied by ≤ 2.1%. The largest
change occurred for the 100◦ (−3.6% : 5.3%) and 260◦ (−7.4% : 2.1%) beams.
Minimum and average segment areas for each re-optimised plan are shown in table 4.8
and table 4.9 respectively. Total segments for each re-optimised plan are shown in table
4.10. Both minimum and average segment areas were generally consistent across couch
angles. In some instances, then minimum segment areas were much larger than the
supine image, for example participant five 225-degree couch angle (19.0 cm2 compared
to 8.1 cm2 at supine). Most of the re-optimised plans used the 27-30 segment areas
which was set as an IMRT optimisation constraint. In some cases, the number of
segments were lower (participant four 180-degree image used 18 segments). No more
than 7 segments were used for any single beam.

4.4

Discussion

An 8-subject study was undertaken to assess pelvic organ motion under horizontal
patient rotation. Prostate, rectum and bladder motion was compared relative to the
supine position prior to, and following bone-guided alignment to the supine position.
The subsequent impact on IMRT treatment plans for prostate radiation therapy was
then evaluated by comparing three adaptive planning strategies (no adaption, rigid
shift and plan re-optimisation).

Beam
Angle
0◦
56◦
100◦
153◦
204◦
260◦
301◦

90◦
0.4 ± 1.5
0.4 ± 1.5
0.8 ± 2.3
-0.4 ± 0.6
1.1 ± 1.6
-2.1 ± 2.3
-0.2 ± 1.9

45◦

-0.4 ± 1.2
0.4 ± 1.6
1.2 ± 2.9
0.5 ± 0.8
0.6 ± 0.7
-1.5 ± 1.6
-0.7 ± 1.8

0.1 ± 1.5
0.3 ± 0.7
1.3 ± 2.9
0.4 ± 0.6
0.3 ± 1.3
-1.7 ± 2.8
-0.7 ± 1.7

135◦
0.4 ± 1.6
0.1 ± 1.6
-0.1 ± 1.9
0.6 ± 0.8
0.7 ± 1.2
-1.2 ± 1.7
-0.6 ± 1.7

Couch Angle
180◦
0.3 ± 1.6
-0.1 ± 1.2
0.4 ± 2.3
0.4 ± 1.0
0.7 ±0.8
-1.5 ± 2.2
-0.2 ± 1.4

225◦

0.6 ± 1.8
-0.5 ± 1.6
0.3 ± 2.0
0.9 ± 1.5
0.5 ± 0.9
-1.6 ± 1.6
0.5 ± 2.0

270◦

0.4 ± 1.7
0.2 ± 2.3
0.2 ± 1.8
0.1 ± 0.9
0.5 ± 0.6
-0.8 ± 1.2
-0.5 ± 1.9

315◦

0.3 ± 1.0
-0.3 ± 1.4
1.4 ± 2.1
-0.4 ± 0.6
0.5 ± 1.3
-0.3 ± 2.0
-1.1 ± 1.2

360◦

Table 4.7: Mean percentage change in relative beam weighting across the eight participants for each beam and couch angle.
The values represent the average change in relative beam weightings as a percentage of total plan MU following re-optimisation
as compared to the same beams optimised on the supine image. Values are given with ± 1 standard deviation
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Table 4.8: Minimum segment areas for each re-optimised plan. The values are given
in square centimetres (cm2 )
Couch Angle
0
45
90
135
180
225
270
315
360

01
9.8
8.2
9.0
10.0
11.0
11.0
9.3
9.2
9.2

02
9.8
8.9
12.0
8.1
12.0
9.8
8.0
8.0
8.1

Participant ID
03
04
05
8.0
9.3
8.1
8.0
9.4
11.0
8.9
8.0
9.7
9.2
10.4
11.0
8.0
8.9
9.1
8.0
16.0
19.0
8.6
8.1
14.0
8.0
8.5
8.0
8.0
8.8
11.0

06
8.0
9.6
8.8
8.3
8.8
9.4
16.0
11.0
13.0

07
8.0
9.5
8.1
8.0
8.0
8.0
9.5
8.0
11.0

08
11.0
8.2
8.7
8.3
8.0
9.7
11.0
14.0
8.0

Table 4.9: Average segment areas for each re-optimised plan. The values are given in
square centimetres (cm2 )
Couch Angle
0
45
90
135
180
225
270
315
360

01
31.0
30.0
27.0
31.0
30.0
29.0
31.0
31.0
31.0

02
23.0
25.0
22.0
23.0
25.0
23.0
22.0
22.0
22.0

Participant ID
03
04
05
32.0
31.0
30.0
29.0
30.0
28.0
30.0
29.0
29.0
33.0
29.0
30.0
32.0
29.0
30.0
29.0
32.0
31.0
30.0
28.0
31.0
28.0
30.0
31.0
29.0
29.0
32.0

06
27.0
28.0
28.0
28.0
26.0
28.0
32.0
29.0
28.0

07
28.0
28.0
27.0
29.0
28.0
29.0
29.0
29.0
29.0

08
29.0
29.0
28.0
27.0
28.0
30.0
29.0
30.0
26.0

Pelvis and Internal Organ Motion
A large amount of pelvic motion was observed within the PRS for some participants.
This was caused by the variability in air-bag inflation pressure which supported the
participants, as was described in chapter 3. Since the PRS in this study has no method
to quantify air pressure [174], the inflation was controlled based on the subjective tolerability of the participant. Future PRS designs may require a method to measure
air pressure, with a minimum required pressure to reduce motion within the PRS,
or avoid airbag supports in favour of more rigid solutions such as soft robotics [242].
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Table 4.10: Total number of segments used for each re-optimised plan
Couch Angle
0
45
90
135
180
225
270
315
360

01
27
30
30
30
30
30
29
28
30

02
29
30
30
30
28
30
30
29
30

Participant ID
03
04
05
29
30
30
30
30
30
30
30
30
29
26
30
30
30
28
30
18
27
30
30
23
29
30
29
30
30
23

06
30
30
30
29
30
28
18
23
29

07
30
29
27
30
30
30
30
30
30

08
30
30
30
30
30
29
30
30
29

The asymmetric shifts in the A-P direction were expected since, as the participant
rotates, the airbags take more of the weight (and compress). At couch angles close
to the supine position, the participants weight is supported by the PRS bed, which
is more rigid (soft padding on fibreglass). Therefore, the supine position (defined as
the zero-shift position) is the limit to posterior motion. Asymmetries in the L-R and
S-I directions were most likely caused by pressure differences between the three PRS
airbags. The ability to quantify airbag pressure in future PRS designs would likely
reduce the L-R and S-I motion observed here.

Following bone guided registration, the variability in DSC and MASD between participants was greatly reduced, as was the magnitude of the organ motion. Change in
internal organ positions compared to the supine image was maximal at the 180-degree
(prone) couch position as shown by the DSC and MASD in figure 4.11. The prostate
centroids in figure 4.12 show the motion to be predominantly in the anterior-superior
direction. Interestingly, the rotation did not introduce internal lateral movement (<
2 mm in all instances). This internal motion caused by rotation will add an additional level of uncertainty to the 0-10 mm of prostate motion present during conventional treatments, predominantly caused by variation in rectal and bladder filling
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[243, 244, 245, 246, 247, 197]. Prostate stabilisation methods such as a rectal displacement device may reduce motion during rotation, however real-time image guidance
would still be necessary for fixed-gantry prostate treatments [248].

Dosimetric Impact of Rotation
Target coverage was substantially compromised for treatment plans where no adaption was applied. For participant two, the anterior shift within the PRS resulted in
an increased rectum dose as the rectum dropped into the beam when the participant
shifted within the PRS. Conversely, prostate and bladder doses decreased for all the
participants as they translated further from the original beam isocenter under rotation. The rigid shift plans improved target coverage across all couch angles, however
a small but statistically significant reduction in PTV dose metrics of approximately 1
Gy was observed compared to the supine plans. The constancy of the target coverage
for the rigidly aligned plans for varying couch angles was surprising, since it would be
expected that the change in external body contour during rotation would have a more
measurable impact on the target dose coverage. However, for a given couch angle, the
target dose metrics were somewhat more varied between participants compared with
the supine plans. The statistical significance of the reduced target dose metrics was in
spite of the mean doses in many cases being equal to the supine plan. Therefore, the
clinical relevance of this significant change is debatable, well within the 5 % total dose
uncertainty limit suggested by Van Dyk [249], however the reduction in dose could
become salient as prostate treatments move towards hypo-fractionated regimes with
higher doses per fraction [250, 251]. It should also be stressed that for this study the
entire course of treatment was calculated for the single image in each instance. Any
reduction in target coverage may accumulate and contribute to existing changes in
target coverage due to anatomical changes during a treatment [252].
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Rectum and bladder dose variation between participants was much smaller following
rigid alignment and re-optimisation. A statistically significant reduction in rectum
dose was observed between 90 and 225-degree couch angles (table 4.5 and table 4.6)
for both the rigid shift and re-optimised plans. This is consistent with previous studies
which observed a reduction in rectum dose for prone positioning due to a retraction of
the rectum against the sacrum [197]. Bladder dose did not significantly change during
the rotation but did vary more between the participants due to the variable bladder
volumes which were observed during the study (participant eight maximum bladder
volume: 15.5 cm3 compared with participant five maximum bladder volume: 1411.0
cm3 ).

Impact of Changing Anatomy on Plan Re-optimisation
A small variability in total MU with couch angle was noted, however the magnitude
of the variation was still lower than what was observed between participants (figure
4.17). Average relative beam weighting changes (compared to respective supine plans)
were ≤ 2.1%, and all within -7.4 % to 5.3 %. This result suggests that, although some
internal organ motion does occur, and the external body contour surface can deform
by several centimetres during the rotation as shown in chapter 3, re-optimisation of the
treatment plan can improve target conformity without having a systematic impact on
total plan MU or relative beam weightings compared with a participant in the supine
position (within the PRS system). Additionally, for this study the participants arms
and hands were required to be placed under the PRS canopy by the sides of the pelvis
due to geometric restrictions of the MRI bore, and limited shoulder mobility. Arms or
hands by the participants side caused external deformation where the arms contacted
the pelvis during rotation. Although the arms were contoured out of the MR image
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prior to sCT generation and treatment planning, the external contour deformation
they produced likely contributed to the changes in beam weightings. A fixed-gantry
treatment for the pelvis would have the arms positioned away from the pelvis region,
so any change in relative beam weighting caused by external body contour deformation
would likely be even smaller than what was observed here.

Minimum and average segment areas, and total number of plan segments were generally consistent across couch angles. In some instances, the minimum segment area was
more than twice that of the supine plan, and total segments nearly half of the maximum 30 segments for which the optimisation was constrained. This could indicate
a change in contour shape at particular angles or that the optimiser simply found a
solution at the particular angle which did not require the smaller segments used at the
other couch angles. Since the average segment area, number of segments, plan MU or
dose metrics were not largely impacted, it is unlikely that any substantial change in
plan complexity occurred for varying couch angles.

The consistent MU results were to be expected, since the sum of fluence through the
MLC’s for the treatment as a whole must be proportional to the energy imparted to
the PTV and surrounding organs. Since only the shape of the anatomy changes during rotation, but not the mass, total fluence should remain approximately the same
to deliver the same planned dose. Since the modulation factor for the re-optimised
plans as measured by segment areas did not vary substantially, the total MU thus
remained approximately the same. A potential future study could be to evaluate the
change in modulation of individual MLC leaves as a function of deforming anatomy
and couch angle. Such a study would have implications for arc-based treatments with
rotating anatomy, where the speed to leaf transitions required to adapt to the changing
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anatomy in real-time would need to be compared with MLC capabilities.

The full re-optimisation and rigid-alignment planning scenarios are similar to the adaption strategies of the Elekta Unity MRI-Linac system, where the user determines which
adaption method (adapt to position only or adapt to shape) to apply based on the
on-line image of the day [237]. For the adapt to position workflow, a rigid image registration based on the PTV region is used to update the iso-centre position relative
to the patient. The pre-treatment plan is then re-calculated (or re-optimised) on the
planning CT and contours, i.e. the daily image or contours are not used to adapt
the treatment plan. In this study, the rigid shift plan adaption simulates an adapt to
position scenario. Adapt to shape uses the daily online image and contours as part of
the adaption workflow, which are used to warp the original planning CT and contours.
The plan is then adapted on this new image, which at the highest level, involves reoptimisation of the fluence and generation of new beam segments, as was simulated in
this study with the plan re-optimisation method. Previous studies on the Unity system
have shown that applying no correction to the treatment plan results in a clinical failure of target coverage and that daily anatomy should be used for on-line plan adaption
[46, 237, 253, 60]. Winkel et al. showed that for single prostate, rectum, oesophagus
and lymph node oligometastases treatment cases, a full re-optimisation of the fluence
and generation of new segments was necessary to meet clinical dose constraints for
all but a single lymph node case [46]. In another study, Winkel et al. demonstrated
that for a lumbar spine bone metastasis treatment of 8 Gy in a single fraction, the
D98% to the PTV as calculated on the daily image decreased from 6.8 Gy to 4.0 Gy
with no adaption, 6.5 Gy with segment position adjustment and 7.1 Gy with a full
plan re-optimisation using the daily image. These studies show that, while applying
an adaption of the segment positions (adapt to position) improves target coverage and
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dose to organs at risk, a full re-optimisation is usually required to achieve the desired
dose metrics from planning [237] which is consistent with what was observed in this
study.
The dosimetric benefits of full plan re-optimisation however come at the expense of
increased treatment times due to deformable image registration and contour editing
[46]. Winkel et al. report plan re-optimisation times up to 8 minutes depending on
the anatomical site [46]. For gantry-free treatments, this would need to be applied
for several patient rotation angles and it is possible that further anatomical changes
and or patient motion would occur during the re-optimisation process. This could be
alleviated by ensuring that the PRS was designed to be as comfortable as possible and
medication may also be given prophylactically similar to current practice for PET and
MRI imaging [12, 13]. The anatomical position could also be verified prior to beam
delivery using a second MRI to compare to the initial image that was used for plan
re-optimisation as done on commercial MRI-Linac scanners [95].
As previously mentioned, image-guided adaptive radiation therapy is becoming increasingly available. Many studies have demonstrated the ability of this technology
to identify and adapt for both inter and intra-fractional anatomic changes during the
course of a treatment [85, 200, 201], and even account for delivered dose in real-time
[64]. This technology opens up the potential for gantry-free systems incorporating
patient rotation. It was shown in chapter 3 that the magnitude of pelvic deformation
during patient rotation is consistent with what can be observed between conventional
treatment fractions. In this chapter it has been shown shown that applying full plan
adaption, which is available on commercial MRI-Linac systems [237], can correct for
anatomical changes caused by rotation.
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Study Limitations
There are several limitations to this study. Firstly, the use of fast scan times for the
couch angled images and the integrated body coil of the MRI scanner as the receiver
coil, reduced the quality of the MR images which made accurate delineation of the
prostate contour difficult and may have introduced some contour variability between
couch angles, which could subsequently affect dosimetric values. This was mitigated
as much as possible by generating the contours on the higher quality supine images
and propagating these to the angled images. Prostate volumes across all couch angles
were also compared to ensure no large changes were present. Secondly, it is possible
that the reduced quality on the faster images impacted the accuracy of the generated
sCT images. Each sCT was inspected for significant discontinuities in density, i.e.
air pockets or bone in anatomically erroneous positions. Small errors introduced by
poor image quality were not likely to cause a significant impact on dose comparisons
since the imaging process was consistent across all participants and, while inaccuracies
may impact dose calculation and plan optimisation, the resulting doses would still be
clinically acceptable for pelvic regions (compared to a real CT image) [254].

All the plans in this study were generated using the same IMRT optimisation algorithm [255] based on predefined target and OAR objectives (table 4.2) and were not
modified post-optimisation. This approach was used to ensure comparative consistency between plans and couch angles. It is likely that planner intervention or the use
of auto-planning [256] may reduce the variations between plans at each couch angle
and/or improve the couch angles where the dose objectives were worse, however the
approach used avoided any subjective changes to individual plans.

A limitation with the statistical significance testing of multiple dose metrics with the
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same DVH data (multiple hypothesis testing) is an increase in the probability of a
type II error, or false positive [257] which was not taken into account in this study.
However, this research is relatively preliminary and the testing of significance was performed to objectively evaluate how dose metrics change with patient position, rather
than making definitive statements about particular dose metrics and couch angle combinations.

It should be noted that for this study the complete dose prescription was delivered
with all 7 fields to each single sCT image. This is not representative of a gantry-free
treatment, since all fields were delivered on each patient angle. The focus of this study
was to quantify the dosimetric impact of the anatomical changes that occurred during
rotation and to give insight into what level of plan adaption would be necessary to
account for the anatomical changes. Further work is required to investigate how organ
motion and deformation would impact a truly gantry-free scenario, in which only a
single field is delivered at each couch angle, in daily fractions. Gantry-free treatment
plans will likely require a new approach to optimisation, such as creating re-optimised
plans on each couch angle, as was done in this study, then delivering only the corresponding single field for that couch angle. The total delivered dose may then be
updated in real-time and used to influence the remaining fields to be delivered, as well
as accounting for current deformation [64]. Deformable image registration and dose
accumulation would be necessary to assess the cumulative delivered dose [49]. The
validity of deformable dose accumulation is controversial [258] and requires a highly
accurate deformable image registration, which in turn requires high quality images
[49]. Given the need to correct the deformably generated contours in this study, it is
clear that a superior image quality than what was used here would be necessary. Improving the image quality could be achieved with longer scan times, which would come
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at the expense of increased time in the PRS for the patient, and the integration of a
receive coil placed close to patient to improve the signal to noise ratio, which would
need to meet the geometric restrictions of the PRS and the patient, and not impact
the treatment beam [259]. The tolerability of rotation to patients, and how that tolerance is affected by time in the PRS, is investigated in the next chapter. Though not
a gantry-free approach, the results we have presented give a first order approximation
to the type of dose distributions that could be achieved with a full optimisation. This
approach may exaggerate the benefits of the dose distribution at some angles, as dose
from the remaining beams will be delivered to angles where the anatomic variations
may exhibit varying dose benefit. However, as the reoptimised plans do not show large
angle to angle variations, we hypothesise that changes from a deforming anatomy will
not show significant variations from the first order approach given here.

Since the potentially largest beneficiary of gantry-free systems would be charged particle therapy, a future planning study for these treatments would be of interest. The
additional organ motion and dosimetric uncertainties due to rotation of the patient
are more critical for charged particle treatments due to the fundamental differences in
how dose is deposited [260] and where range uncertainty is already of concern [261].

4.5

Conclusion

A study with eight human participants was undertaken to assess pelvic organ motion
under horizontal patient rotation and the subsequent impact on IMRT treatment plans
for prostate radiation therapy. Pelvic motion within the PRS system of up to 53 mm
was observed for some participants. Internal organ motion was greatest at the 180degree (prone) couch position and occurred in the superior and anterior directions with
prostate motion up to 14 mm SI and 15 mm AP. When comparing three plan adaption
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scenarios, no treatment plan adaption resulted in significantly reduced target coverage
and in some cases an increase in rectum dose. Rigidly aligning treatment iso-centers
to the prostate for each couch position gave improved dose coverage across each couch
angle, with a small but statistically significant decrease in target dose metrics compared
to the supine treatment plans. Dose metrics were in agreement with the supine plans
following re-optimisation with no substantial change in the treatment plan. Rectum
dose was reduced at the prone couch positions for rigidly aligned and re-optimised
plans, while the bladder dose was not impacted by couch angle. Prostate-guided rigid
alignment is a minimum requirement if prostate IMRT is to be safely delivered using
patient rotation. Plan re-optimisation for each couch angle to account for anatomical
deformations can further improve target coverage.

Chapter 5
Human Tolerance to Horizontal
Patient Rotation within an MRI
Scanner
5.1

Introduction∗

In chapters 3 and 4, the magnitude of deformation during rotation was investigated
and the associated impact on a radiation delivery quantified. In this chapter, the
second perceived limitation to patient rotation is addressed - patient acceptance of
rotation.
It has been previously shown that cancer patients can tolerate translations of the
treatment couch for motion-compensated beam delivery [14, 15]. Whelan et al. conducted a study with 15 cancer patients and found most could tolerate horizontal and
vertical rotations within a balance disorder rotation device [184]. In these studies,
the participants, while immobilised, were in relatively open space with a clear field of
∗

Part of this chapter has been published in the Medical Imaging and Radiation Oncology journal:
Buckley, J. G., et al. Measurements of human tolerance to horizontal rotation within an MRI scanner:
Towards gantryfree radiation therapy. J Med. Imag. Radiat. On. 65(1) (2020): 112-119
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view around them. Given the scale of anatomical deformation under rotation seen in
chapter 3, MR imaging combined with patient rotation would be advantageous. Since
anxiety and claustrophobia during MRI is already of concern [262, 263, 13, 12], patient
immobilisation and rotation combined with MRI could increase distress on a patient,
particularly during long imaging times.
In this chapter the experiences of healthy human participants (healthy volunteers),
and cancer survivors who received radiation therapy (patient volunteers) under such
conditions are evaluated by answering the following: (i) does immobilisation within a
patient rotation system (PRS) during an MRI at different couch rotations (rolls) lead
to increased anxiety or motion sickness, and does anxiety and motion sickness score
correlate with baseline claustrophobia? (ii) To what extent would a patient experience
discomfort during rotation, and does the level of discomfort depend on couch rotation
angle? (iii) Would participants (hypothetically) be accepting of rotation if it was
required as part of their treatment? And finally, (iv) do participants who have been
through a course of radiation therapy respond differently to healthy participants?

5.2

Methods and Materials

A cohort of 10 healthy participants (healthy volunteers) followed by 9 patient participants previously treated for prostate cancer (patient volunteers) were recruited for the
study. Healthy participants comprised current staff or students affiliated with the hospital where the study was conducted. Patient participants were recruited through the
clinic of a radiation oncologist. The study was approved by the local health district
ethics committee (ACTRN12618000676213). A combination of healthy and patient
participants were chosen to capture any potential differences in the perspectives of
providers of cancer therapy and those who have received radiotherapy. Participant
demographic information is summarised in table 5.1 and 5.2 for healthy and patient
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participants, respectively.
Eligibility criteria were as described in chapter 3. For patient volunteers the eligibility
criteria included: (1) a cancer diagnosis of any stage and (2) current or previous
treatment with radiotherapy. A summary workflow of the study procedure is shown
in figure 5.1 and described below.
Table 5.1: Healthy volunteer demographics and arm position during rotation. CLQ = Claustrophobia
Questionnaire score
Healthy
Volunteer
ID
01
02
03
04
05
06
07
08
09
10

Age

Gender

Height (cm)

Weight (kg)

CLQ

Arm Position

34
57
26
26
25
27
40
30
35
46

F
F
F
F
F
F
F
M
F
F

170
160
154
160
158
155
162
175
178
167

69
75
52
56
57
41
59
70
75
76

6
5
9
9
12
14
16
1
20
9

Above shoulder
Below canopy
Below canopy
Above shoulder
Above shoulder
Above shoulder
Above shoulder
Above shoulder
Above shoulder
Above shoulder

Table 5.2: Patient volunteer demographics and arm position during rotation. CLQ = Claustrophobia
Questionnaire score
Patient
Volunteer
ID
01
02
03
04
05
06
07
08
09

Age

Gender

Height (cm)

Weight (kg)

CLQ

Arm Position

73
68
67
80
60
77
78
83
64

M
M
M
M
M
M
M
M
M

167
159
170
168
180
163
160
165
169

90
74
75
71
77
80
65
68
65

15
27
39
9
15
6
3
19
57

Above shoulders
Above shoulders
Below canopy
Below canopy
Below canopy
Below canopy
Below canopy
Below canopy
Below canopy
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Figure 5.1: Workflow summary.

5.2.1

Pre-Imaging

Prior to imaging, participants attended the cancer therapy centre and completed psychometrically validated questionnaires assessing baseline claustrophobia, anxiety and
motion sickness. The Claustrophobia Questionnaire (CLQ) [264] was used to assess
baseline claustrophobia (i.e. fear of suffocation and fear of restriction). The measure
covers 26 scenarios which participants rate in terms of how anxious they would feel in
each situation from 0 (not anxious at all) to 4 (extremely anxious). Item scores are
summed to give a total score of 0 to 104, with higher scores indicating worse claustrophobia. The short form state sub-scale of the State Trait Anxiety Inventory Test
(STAI) [265] was used to determine current anxiety level of each participant. The
STAI comprises of 6 items: three anxiety present items, i.e. I feel tense, and three
anxiety absent items, i.e. I feel calm, each scored between 1 (Not at all) 4 (Very
much) by participants. Anxiety absent items were reverse scored and then items were
summed to give a total score between 6 (lowest anxiety) and 24 (highest anxiety). Motion sickness was assessed with the Fast Motion Sickness Survey (FMS) [266]. Each
participant would rate their current level of sickness on a visual analogue scale between 0 (no sickness) and 20 (very sick). To aid in the interpretation of results, all
questionnaire scores were normalised for a final score of 0-100.
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Imaging

Participants underwent rotation with MR-imaging as described in chapter 3. Initially,
participants arms were positioned above the shoulders as shown in figure 3.1 as it kept
the hands out of the imaging volume and prevented compression of the arms during
rotation. If a participant could not hold their arms in this position, or it was decided
by investigators that attempting arm positioning above the shoulders would not be
appropriate, the arms were placed by the participants side under the PRS canopy.
Arm positioning for each healthy and patient volunteer is shown in tables 5.1 and 5.2
for healthy and patient participants, respectively.

5.2.3

Post-Imaging

Following the imaging session, participants completed the STAI and FMS questionnaires again to assess changes in anxiety and motion sickness. A two-tailed Wilcoxon
signed rank test was used to determine if a significant change in mean anxiety or motion sickness was present following imaging. A Spearman’s rank correlation coefficient
(ρ) test was used to assess any correlation between CLQ score with anxiety or motion sickness. A p-value of less than 0.05 was considered statistically significant for
all tests. All analysis was conducted in MATLAB version 2019a (MathWorks Inc.,
Natick, MA).
An additional purpose-designed questionnaire was administered to evaluate participants comfort within the PRS. Participants answered 5 questions relating to overall
comfort, change in comfort over time and dependence of comfort on the angle the PRS
was positioned. Each participant was then asked to rate the couch positions from 5
(most comfortable) to 1 (least comfortable) where couch positions were defined as: ‘lying on my back’ (supine), ‘lying on my stomach’ (prone), ‘lying on my right side’ (90
degrees), ‘lying on my left side’ (270 degrees) and ‘other positions’ (45, 135, 225, 315
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degrees). Finally, the participant was asked if they would hypothetically be prepared
to undergo radiation therapy if it required use of the PRS. All questionnaires can be
found in appendix A.
Following the imaging session, an exit interview was conducted with participants to
gain a more in depth understanding of the quantitative data. The exit interview
consisted of 6 open ended questions covering overall experience, positive and negative
aspects, potential areas of improvement and feelings regarding the hypothetical use of
the PRS for radiation therapy:
1. How would you describe your experience?
2. What stood out to you about the comfort of the device?
3. More generally, did anything, positive or negative, stand out from your imaging
session?
4. If you had to go through the rotation process again, how do you think it could
be made more comfortable / tolerable for you?
5. Hypothetically speaking, how would you feel if being rotated was required for
your treatment?
6. What additional comments would you make about your experience today which
you feel havent been discussed?
Content analysis [267] was carried out on the interview transcripts. A sub-set of
transcripts were double coded to ensure that identified themes were consistent between
investigators.
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Results

Eight of ten healthy volunteers and eight of nine patient volunteers completed the
imaging session. Healthy volunteer 01 was removed from the PRS after three couch
angles due to neck discomfort. Healthy volunteer 02 was not able to be rotated beyond
the 70-degree position due to their shoulder width exceeding PRS limits (which led to
an amendment in the study selection criteria to include a shoulder width restriction).
Patient volunteer 08 was removed prior to any imaging due to feelings of compression
on the upper thoracic region when secured within the PRS.
Column graphs of the STAI and FMS responses from healthy and patient volunteers
are shown in figure 5.2 and figure 5.3, respectively. Boxplots of STAI and FMS scores
pre and post imaging for healthy and patient volunteer cohorts are shown in figure
5.4. Change in STAI and FMS score (post imaging score minus pre-imaging score)
are shown in figure 5.5 and figure 5.6, respectively. Relative CLQ scores for each
participant have been overlaid on the figure for comparison. Based on the standard
deviation of measured STAI data (12) in this study, there was an 80% power to detect
differences in mean STAI of 15 or more. Across the 19 participants the mean STAI
score increased from 7.9/100 to 11.8/100 (p = 0.26). Median STAI values increased
from 6.0/100 to 7.0/100. FMS mean increased from 5.3/100 to 13.7/100 (p = 0.02), and
the median value remained 0 pre and post the imaging session. Correlation between
CLQ with maximum STAI and FMS score returned either before or after imaging for
each participant is shown in figure 5.7. No correlation was observed between maximum
STAI with CLQ (: -0.11 p = 0.67) or maximum FMS score (: -0.10 p = 0.69).
Comfort responses for each position of the PRS for healthy and patient cohorts is
shown in figure 5.8. Responses to the comfort questionnaire from healthy and patient
participants is shown in figure 5.9. Participants who did not complete the rotation
were not included in the comfort analysis. The supine position was the preferred
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Figure 5.2: Normalised State Trait Anxiety Inventory Test (STAI) score before and
after rotation for healthy and patient volunteers. An asterisk (*) indicates participants
which did not complete the rotation.

Figure 5.3: Normalised Fast Motion Sickness Survey (FMS) score before and after
rotation for healthy and patient volunteers. An asterisk (*) indicates participant s
which did not complete the rotation.
position across both healthy and patient volunteer cohorts. Regarding other couch
angles, healthy volunteers generally preferred the prone couch position over other
rotations, while there was no preference for the patient volunteers. This was reflected
in the comfort questionnaire responses (figure 5.9). Both cohorts reported comfort
depended on couch position, ranging from ‘somewhat’ to ‘very much’. Both cohorts
reported ‘somewhat’ or greater mean levels of discomfort, with one patient volunteer
reporting they were ‘very much’ in discomfort. Deterioration of comfort over time
was reported more by patient volunteers than healthy volunteers, but in either case
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Figure 5.4: Normalised State Trait Anxiety Inventory Test (STAI) score and Normalised Fast Motion Sickness Survey (FMS) boxplots before and after imaging for
healthy and patient volunteer cohorts.

Figure 5.5: Change in normalised State Trait Anxiety Inventory Test (STAI) score
before and after rotation for healthy and patient volunteers overlaid with each participants relative claustrophobia (CLQ) score. A positive value denotes an increase
in STAI post imaging (increased anxiety), and a negative score a decrease in STAI
(decreased anxiety). An asterisk (*) indicates participant s which did not complete
the rotation.
did not feel the deterioration was more than ‘moderate’. Both cohorts found the
system to be moderately comfortable, and found the PRS system moderately better
than expected, with the patient cohort agreeing with the statement slightly more than
healthy volunteers.
Asked if they hypothetically would be accepting of rotation as part of their treatment,
eight of the ten healthy volunteers would accept rotation, and two would not. In
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Figure 5.6: Change in normalised State Trait Anxiety Inventory Test (STAI) score
before and after rotation for healthy and patient volunteers overlaid with each participants relative claustrophobia (CLQ) score. A positive value denotes an increase
in STAI post imaging (increased anxiety), and a negative score a decrease in STAI
(decreased anxiety). An asterisk (*) indicates participant s which did not complete
the rotation.

Figure 5.7: Correlation between Claustrophobia score (CLQ) and the highest State
Trait Anxiety Inventory (STAI) and Fast Motion Sickness Survey (FMS) scores for
each participant.
the exit interview, two healthy volunteers who would accept rotation added ‘(would
accept the rotation) if it improved (treatment) outcome’ (healthy volunteer 06) and
‘I would do anything the doctor told me essentially’ (healthy volunteer 07). Healthy
volunteer 03 noted that they felt the rotation would be acceptable for short treatment
durations, but not for longer treatments. The two responders who would not accept
rotation cited comfort (healthy volunteer 01) and nausea (healthy volunteer 03) as
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Figure 5.8: Comfort scores for various PRS positions across healthy and patient volunteer cohorts and a diagram of each couch position. A score of 5 indicates most
comfortable and 1 least comfortable.
their primary reasons. All patient volunteers said that they would accept rotation if
it was required for their treatment.
Content analysis of post-imaging interview transcripts showed participants most significant concern was discomfort in the neck, arms or shoulders, particularly for participants positioned with their arms above their shoulders (table 5.1 and table 5.2).
One participant reported ‘pins and needles’ down their arms, while another reported
shoulder pain and numbness in their hands. Participants positioned with their arms
below the canopy did not report any discomfort in the neck, shoulders or arms, but two
of these participants reported some discomfort during translation of the PRS between
angles.
Some participants noted discomfort at certain angles, however there was no consensus as to which angles were worst - healthy volunteer 01 reported worse comfort on
their right hand side (90-degrees) while healthy volunteer 03 felt the most discomfort
lying on their stomach (180-degrees) due to the feeling of blood rushing to their face.
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Figure 5.9: Patient and healthy volunteer responses to the comfort questionnaire.

5.4. Discussion

123

Healthy volunteer 08 noted that angles between 90-degree increments (45, 135, 225,
315-degrees) were most uncomfortable.
Most participants felt the experience was acceptable overall, with some remarking that
the experience was better than what they were expecting. Healthy volunteer 08, for
example, when asked if anything positive or negative stood out from their imaging
session, remarked ‘It wasn’t as bad as I thought it would be.’
No participants reported feeling claustrophobic or anxious during the study, though
some participants felt unsure prior to imaging and that they would need to get used to
the feeling of being rotated first. One patient volunteer reported feeling tense waiting
for the MRI scanner to begin, and added ‘I think it would be handy to know when
it (the MRI scanner) would start working, and if you were just given a bit of notice’
and ‘I think that (given a warning prior to scanning) would be a bonus, then you could
relax in between.’

5.4

Discussion

This chapter describes the first reported acceptance of human rotation within an MRI
scanner for a cohort of healthy human participants (healthy volunteers), and cancer
survivors’ who received radiation therapy (patient volunteers). Acceptance of rotation is critical if gantry-free radiation therapy systems incorporating MR-guidance
are implemented clinically. Such systems could revolutionise proton, heavy-ion and
synchrotron treatments.

Anxiety and Motion Sickness During Rotation
No significant pre- to post-imaging change in mean anxiety was observed in healthy
or patient volunteers. For context, a 144-patient study from Harris et al. showed
that patients with a high anxiety returned a normalised STAI score of 40 compared
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with 23 for low anxiety patients prior to undergoing an MRI exam [268]. In this
study, mean STAI varied from 7.9 to 11.8. There was a significant increase in motion sickness post-imaging, however the median FMS score was zero for pre-imaging
and post-imaging, suggesting that motion sickness was not a concern for most participants. In their validation of the FMS, Keshavarz et al. separated participants who
were considered at low or high susceptibility to motion sickness by FMS scores of less
than or greater than 30 (normalised to 0-100) [266]. Of the participants in this study,
healthy volunteer 04 would be considered susceptible, but did not record any change
in FMS before and after imaging. Participants were in constant communication with
investigators during the study, but none verbally reported illness or anxiety during
imaging. These results support previous studies assessing acceptance of patient motion and found patients generally tolerated translation [14, 15] and rotation [17]. It
does not appear that in general, at least for the cohort studied here, that the addition
of MRI increased anxiety, or motion sickness. It was however noted that the distribution of STAI and FMS scores increased post imaging, which indicates acceptance
of MRI and rotation does depend to an extent on each specific participant. This was
reflected in post imaging interviews, for example healthy volunteer 03, who did report
an increase in FMS score of greater than 30 (10 to 80), explaining ‘for example if I
go to amusement parks, I’m really bad with rides, so I did feel a bit more nauseous
afterwards’ as there reasoning that they would not be willing to have rotation as part
of a hypothetical cancer treatment. If patient rotation were to be introduced clinically,
patients should be forewarned that motion sickness may be experienced in susceptible
individuals and patient suitability would likely need be assessed on a case by case basis.

Another interesting observation was that the healthy volunteer cohort had a slightly
higher mean anxiety and motion sickness score post imaging, and greater variation in
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scores post imaging as compared to the patient volunteer cohort. This was better understood when comparing interview responses between the two cohorts. The healthy
volunteer cohort primarily consisted of radiation therapists, who have experience with
dealing with cancer patients during their treatments. Many of the responses from
this cohort were considering the experience from the standpoint of a cancer patient,
rather than themselves personally with comments such as ‘If I was a cancer patient
and I guess like maybe for 5 fractions it would be ok but maybe not like a long course’
(healthy volunteer 03), ‘I think a lot of patients won’t be as accepting’ (healthy volunteer 08) and ‘I don’t think many patients would tolerate it.’ (healthy volunteer 10).
In contrast, several patient volunteers pointed out that, although they personally experienced some issues with the rotation (e.g. discomfort), they did not want to speak
on behalf of others. For example, patient volunteer 01, when asked what could be
improved about the device, stated ‘I can say a little bit uncomfortable, especially on
the arms for me, but I can’t speak on behalf of the rest of the customers or patients.’
Patient volunteer 02, when discussing shoulder discomfort added ‘maybe for others it
would be okay.’.

This could be interpreted in two ways: firstly, differences in responses between healthy
and patient volunteers could suggest that cancer patients are more tolerant of rotation than cancer care providers believe. One could argue that, compared to current
standard practices in radiation therapy for motion management, such as thermoplastic
masks for head and neck immobilisation [269], invasive fiducial marker insertion for
visualisation of soft tissue targets in x-ray imaging [247], abdominal compression to
reduce breathing motion [270], and the use of rectum immobilisation devices [271] and
enema procedures for prostate treatments [272], rotation within an MRI scanner is very
tolerable for most patients. On the other hand, the cohort of cancer patient volunteers
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recruited for this study are generally healthier and more mobile than many cancer patients who are being treated for other disease sites, currently going through treatment,
and in particular those receiving concurrent chemotherapy [273]. In which case, the
higher levels of scepticism of healthy volunteers may in fact be more appropriate when
considering feasibility of patient rotation for cancer patients more broadly.

Comfort
Comfort of the device was clearly the biggest concern for study participants, especially
those who were positioned with their arms above their shoulders. Discomfort was reported in the neck, shoulders, arms and hands. Positioning the arms above the head
is common practice in radiation therapy for certain treatment sites to keep the hands
and arms out of the treatment fields. To alleviate this discomfort, in particular for the
patient cohort, the majority of the patient volunteers were positioned with arms inside
the PRS canopy. None of the participants with their arms inside the canopy reported
discomfort in the upper body, with only some commenting that re-positioning of the
PRS to different angles was uncomfortable in general. When designing future patient
rotation systems, considerations will need to be taken for comfortable arm positioning,
while keeping external limbs out of the treatment field for any site. This is not trivial
if patient rotation devices must fit within geometric constraints of an MRI scanner,
and joining of the arms or hands, for instance in an arms crossed fashion, is avoided
to reduce the risk of gradient-induced electric currents within the patient. Alternatively, considerations for a PRS could inform the design of the MRI scanner to increase
comfort, which would need to be weighed against a decrease in imaging performance.
Open MRI designs are of potential interest [79, 274, 275] and may also reduce feelings
of claustrophobia among some patients [12].
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Comfort depended on the angle of the PRS. The supine position was considered most
comfortable for most participants. For the healthy volunteer cohort, the prone position
was the second-most favoured position, while the 90-degree and 270-degree positions,
where the participant was lying on their side, were generally reported as the least
comfortable positions. Prone and supine positions provided the most support within
the PRS, both in terms of body support (foam back support in the supine position
and the large airbag anterior to the patient in the prone position), and the head and
neck (pillow fully supporting the head in the supine position and the head strap fully
supporting the head in the prone position). Interestingly, patient volunteer responses
were less conclusive regarding couch position and comfort, with the 90-degree and
270-degree positions (lying on their side) having a higher median comfort for every
position except supine. This may reflect improvements in supporting the head and
neck region with foam padding as the study progressed, and also because the majority
of patient volunteers were positioned in the hands down position which took pressure
off the neck and shoulder region. In a gantry-free scenario including on-line adaption,
a patient may be at certain angles for several minutes and prolonged tolerability of
certain angles could become an important consideration. Since, for the patient cohort,
there was no clear consensus on which angles were harder to tolerate, the angles a
patient could sustain for prolonged periods of time may need to be considered on a
case-by-case basis, and treatment plans tailored accordingly.

One patient participant (patient volunteer 08) was unable to complete the study, due
to a feeling of pressure across the thorax when secured within the PRS at the 0-degree
(supine) position. Adjustments were made to remove as much pressure as possible,
but the participant continued to report discomfort and began to breath rapidly once
secured, so was removed from the PRS. This demonstrates that, for some patients
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rotation may not be feasible, particularly older patients, patients with poor ECOG
status, or toxicities associated with treatment. Additionally, patients with high levels
of baseline claustrophobia would not be suitable.

Study Limitations
There are several limitations of this study. Firstly, only a small sample was recruited;
the majority of healthy volunteers were recruited from the cancer therapy centre, and
all patient volunteers recruited from a single clinic comprising prostate cancer patients
in follow up. Recruitment was also restricted by geometric limitations of the PRS and
MRI scanner, which did not allow some potential subjects to participate. These restrictions also resulted in nearly all healthy volunteers being female and all patient
volunteers being male, which introduces several elements of bias. As previously mentioned, since most healthy volunteers have prior experience in the treatment of patients
with radiation therapy, their responses were biased towards what each believed a patient would be able to tolerate, rather than only considering the experience from a
personal level.

Secondly, since geometric restrictions of the PRS resulted in predominantly smaller
female participants from the healthy volunteer cohort, their responses may not represent tolerability more broadly. For instance, male healthy volunteers, or larger bodied
participants may have found the experience better, or worse, than the cohort in this
study. For the patient volunteer cohort, it’s possible that the addition of female patients, patients with varying disease sites, and inclusion of patients currently receiving
treatment would have affected the results. It is however worth noting that Whelan
et al. considered patients of multiple gender, disease site, and time since treatment,
and found that rotation was well tolerated across all participants [17]. It would be
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advantageous to conduct a larger study, ideally with a PRS that could facilitate a
more diverse range of participants, and more sources of patient recruitment to include
more disease sites and include patients currently receiving treatment, variable ECOG
status, gender, age and concurrent treatments such as chemotherapy, where nausea
and even vertigo can be present during treatment. Such a study would give a clearer
indication which, if any, variables impact how accepting a patient would be to rotation
based on their specific demographics and treatment.

Thirdly, in this study participants were only in each couch position for the duration of
MR imaging (≈ 1 minute per couch angle). A radiation therapy workflow incorporating
patient rotation would almost certainly require image guidance prior to and during
treatment delivery, which would increase the time a patient would be positioned at
each couch angle. More significantly, an on-line adaption workflow would likely require
images to be deformably registered to a planning image and potentially require recontouring and plan re-optimisation for each couch angle as was discussed in chapter
4 [276, 277, 46]. These steps would add significant time to the treatment workflow,
and hence the time a patient was within the PRS. Some participants in this study
reported comfort to worsen over time, and it is unclear if patients who were able
to tolerate this study, would be able to tolerate a full image-guided treatment using
patient rotation. Furthermore, this process would need to be repeated during every
fraction of radiation therapy, potentially as many as 39 fractions [239, 240]. The
development of a patient rotation system for a fixed-beam MR-guidance workflow is
described in the next chapter.
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Conclusion

19 human participants (10 healthy and 9 former cancer patients) were rotated within
a horizontal patient rotation system and concurrently imaged within an MRI scanner.
No substantial increase in anxiety or motion sickness due to rotation and imaging
was observed. Comfort was the largest area of concern and depended heavily on the
participants set-up position. Overall experience was generally well tolerated and most
participants would accept rotation as part of a radiotherapy treatment. While this
study provides initial evidence for the acceptance of rotation within an MRI scanner,
further research is required to assess the tolerability across patients with varying demographics, disease sites and co morbidities. Establishing the broader feasibility of
patient rotation will support clinical implementation of this technology, which could
globally impact the practice of radiation oncology.

Chapter 6
Ongoing Development and Testing
of the First Prototype Patient
Rotation System for the Australian
MRI-Linac
6.1

Introduction∗

Anatomical deformation during horizontal rotation was quantified in chapter 3, while
the dosimetric implications of rotation and the effectiveness of various levels of treatment adaption were explored in chapter 4. Finally, patient tolerance to rotation within
an MRI scanner was studied in chapter 5. Further investigation of the efficacy of
gantry-free MR-guided treatments, and the creation of workflows to facilitate the effectiveness of such a system necessitates the development of a prototype device. De∗

Part of this chapter has been published in the Physics and Imaging in Radiation Oncology
journal: Buckley, J. G., et al. Imaging performance of a high-field in-line magnetic resonance imaging
linear accelerator with a patient rotation system for fixed-gantry radiotherapy. Phys. Imag. Radiat.
Oncol. 16 (2020): 130-133
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veloping this bespoke device will enable further patient acceptance studies, and allow
the investigation of delivery of radiation in a gantry-free setting, including physical
measurements of radiation dose, to quantify the effectiveness of image-guidance and
adaptive methodologies required to address the anatomical motions described in chapter 3 and chapter 4. While upright imaging is possible on the Australian MRI-Linac,
patient ingress and egress is challenged by the supporting pillars and RF transmitreceive coils in the magnet gap (48 cm). Additionally, seated rotation is not feasible
due to the limited space in the magnet. Therefore seated or standing rotation was not
considered here.
The design of the Nano-X system [170] has been described previously, which is a
prototype system incorporating x-ray imaging with a conventional treatment machine.
Several other forms of rotation have also been used previously as described in section
2.4. For this study, the gains which are sought by acquiring an MR-image of the
patient during rotation adds an extra level of complexity to the design. This system
must be both safe and functional within a strong magnetic field, must not compromise
MR image quality beyond what can be accounted for and fit within the tight geometric
constraints of the MRI scanner. The system should also not compromise the delivery
of radiation to the patient.
This chapter details the development of a patient rotation system for the Australian
MRI-Linac shown in figure 6.1 [79]. Enabling patient rotation is essential for this
MRI-linac design if treatments with multiple fields are to be delivered. Initial design
requirements are described, and imaging and motor performance tests are presented,
which informed modifications to the system design. At the time of writing the patient
rotation system continues to be developed - this chapter covers work performed to
date.
The design criteria for the patient rotation system is described in appendix B. The
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Figure 6.1: Layout of the Australian MRI-Linac including the coordinate system [114].
principal criteria for the design were:
• Safety
• Patient comfort
• Functionality to perform translation and rotation with the precision and reproducibility required for radiation therapy
• Compatibility with the MRI scanner
• Minimal impact on the delivery of the radiation to the patient
After a tender process, a design company was appointed for the design and build of the
patient rotation system. After a preliminary phase of exploration and development,
an initial design was proposed to meet the design criteria as shown in figure 6.2. The
system would be operated via mechanical power supplied by an electric motor and
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provide lift and rotation within the MRI scanner. Additionally, the system would not
compromise MR-imaging or affect the delivery of radiation to a patient.

(a) Overall Design

(b) Key drive components

Figure 6.2: Initial design for the patient rotation system. The system would be powered with electric motors, and could translate a patient vertically, horizontally and
rotate in the patient long axis.
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Methods and Materials
Considerations for the MRI Compatibility of Motor and
Construction Materials

After the initial design was proposed, several tests were conducted to determine motor
preference and positioning, and build materials which would meet the required design
specifications, in particular, compatibility with the MRI scanner. The compatibility of
materials is primarily related to their magnetic susceptibility χ and the introduction
of RF interference, which are briefly described below.

Magnetic Susceptibility
The magnetic susceptibility χ is a property of materials, arising from quantum mechanical changes in electron spins, which describes how magnetised the material becomes when placed in a strong magnetic field B0 . This magnetisation J augments the
magnetic field surrounding it leading to geometric distortions, which will be worse for
gradient based sequences, particularly balanced phase sequences which are very sensitive to static field inhomogeneities. The relationship between J, χ and B0 is shown in
equation 6.1:

χ=

J
B0

(6.1)

Magnetic susceptibility can be characterised as either diamagnetic (χ < 0 i.e. J
opposes B0 and the local B field lines are dispersed), paramagnetic (χ > 0 i.e. J is in
the same direction as B0 and the local B field lines are concentrated) or ferromagnetic
(χ >> 0 i.e. J is in the same direction as B0 and magnetic domains form within the
material, the local B field lines are highly concentrated, and the material retains some
magnetisation after being removed from the B0 field). A summary of χ values for each
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magnetic susceptibility is shown in table 6.1:
Table 6.1: Magnetic properties of different materials
Magnetic
Property
Diamagnetic

Direction of J Relative
relative to B0
χ in ppm
Opposite
-10

Paramagnetic Same
Ferromagnetic Same

Typical Materials
Water, fat, Calcium, most
biologic tissues
Aluminium, Titanium
Iron, steel, Nickel, Copper

>1
> 10,000

In addition to generating large B-field inhomogeneities, ferromagnetic materials will
experience a force when placed in an external field which can pose safety concerns
and compromise the function of electric motors which contain ferromagnetic elements.
Translational forces are proportional to the materials susceptibility χ, volume of material V, magnetic field strength B0 and magnetic field gradient

dB
dx

as shown in equation

6.2. The magnetic field gradient becomes stronger the closer you are to the opening
of the magnet as shown in figure 6.3.

FT ranslation ∝ χV B

dB
dx

(6.2)

The torque, or rotation force which attempts to align the materials net magnetisation J
to the B0 field is given by equation 6.3. Unlike FT ranslation , FT orque will be experienced
by an object even in a uniform B0 field.

FT orque ∝ χ2 V B 2

(6.3)

RF Signal Detection
MRI acquires images by the transmission and receiving of spatially encoded RF signals and are hence sensitive to RF interference from other sources of electromagnetic
radiation. This is controlled by encasing the MRI room in a copper Faraday cage
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Figure 6.3: Australian MRI-Linac B0 field with the scale displayed in Gauss (1 Tesla
= 10,000 Gauss). The high gradient region (indicated in black) poses the greatest
challenge for placement of materials around the MRI scanner due to the increased
magnetic forces as shown in equation 6.2. Field map provided by Agilent.
which absorbs external RF from outside the MRI room. To allow the necessary cables
or pipes into the MR room, RF-bandstop filters or penetrations in the Faraday cage
(waveguides) are included. For a cylindrical waveguide, a 4:1 length to width ratio is
required to cutoff frequencies in the range used for MRI (10-300 MHz).
If RF is able to enter the MRI room, or is produced within the MRI room by an
electric device, it can produce image artefacts (i.e. zipper artefact) and reduce the
SNR of the image.
The presence of metal can also result in signal loss within an image. Since metals are
good conductors of electromagnetic radiation, RF signals from the transmit coils can
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be absorbed by the metal and block the transmit signal and the excitation of tissue is
reduced resulting in non-uniformities within the image. Similarly, the signal produced
by tissue may be blocked from the receiver coil. RF non-uniformity will affect both
gradient and spin echo based sequences.

6.2.2

Image Quality Assessment

To assess the impact of the motors and different fabrication materials on the imaging
performance of the MRI, the following tests were used:
◦ RF spike noise test: Radio-frequency interference was evaluated using the RF
spike noise test on the MR console. The spike noise test acquires an image with
no applied RF pulses, which produces a ‘noise-only’ image. The image is acquired
using rapidly switching gradients and covers a wide range of gradient amplitudes
to generate mechanical and electrostatic stress. An internal algorithm searches
across the field of view in the noise image to detect ‘spikes’ which are visualised
as pixels of increased intensity caused by electromagnetic sparks or external RF
noise during the measurement. Spikes can degrade the MR image quality by
reducing the SNR or the image can show a periodic intensity modulation or
structure.
◦ Signal to noise test: A signal to noise test was applied to quantify change
in the SNR using the method described by Firbank et al. [278]. The SNR was
calculated by comparing signal inside a region of interest (ROI) within a spherical water phantom to the same ROI on a subtraction of two images acquired
sequentially.
√
2 ∗ S1
SN R =
SD1−2

(6.4)
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where S1 is the mean signal intensity in the ROI on the first image, and SD1−2
√
is the standard deviation in the ROI on the subtraction image. The 2 factor
arises because the noise is derived from the difference image. Image distortion
can also be visualised on these images.
◦ Real time gradient echo imaging sequence: A true fast imaging with
steady-state free precession (Trufi) (≈ 55s scan time and 0.4 s frame rate) was
acquired. This sequence was of interest since it will be used as the real-time
imaging sequence during treatment delivery. This real time gradient echo imaging sequence is more susceptible to RF noise or field inhomogeneity since it relies
on balanced phase gradients which are affected by any B-field non-uniformity.
The Trufi images were visually inspected to check for RF noise and field inhomogeneity.
All imaging tests were performed using a Siemens 24cm diameter spherical phantom
shown in figure 6.4. The phantom is doped with 1.25 g of NiSO4 × 6H2 O per 1000g
of distilled H2 O to simulate the RF signal produced by human tissue.

6.2.3

Prototype 1 - Device Build

This section details the testing of motors and fabrication materials for the rotating
couch, and the testing of a first prototype aluminium rotating couch design.
Motor Testing
Initial discussions determined that a DC motor for remote control of the PRS unit
would be the best approach. Motor testing was performed with two DC electric motors
(brushed and brushless - figure 6.5). The brushless motor is a more compact design,
containing less metal than the brushed motor which theoretically would reduce any
distortion of the main magnetic field of the MRI. The brushless motor does not contain
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Figure 6.4: Spherical body phantom used for imaging tests.
friction contact points and thus has an improved longevity and performance. However
the brushless motor may produce increased image artefact since power is delivered to
the drive shaft magnetically, and is a more expensive option.
The objective of the testing was to evaluate how close to the MRI scanner the motors
could be positioned without compromising the performance of either the DC motor or
the scanners image quality, if the orientation of the motor (relative to the flux lines of
the MRI fringe field shown in figure 6.3) affect the workable proximity of the motor to
the scanner, and if there was any difference in motor or imaging performance between
the brushed and brushless DC motors.
Tests were conducted with the motor running in the corner of the MRI scanner room,
then repeated as the motor was progressively moved closer to the magnet. For tests
close to the magnet, the motor was aligned parallel to the B0 fringe field (along the
flux lines) and perpendicular to the B0 fringe field (figure 6.3). Each test focused on
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(b) Positioning of DC motors for testing

Figure 6.5: Testing of a brushed and brushless DC motor. The position of each motor
relative to the MRI scanner was manually adjusted and image tests performed at each
position.
three elements - MRI safety (the distance at which the magnetic force on the motor
exceeded the motor weight), B0 impact on motor function (the distance at which
the motor function is affected e.g change of speed or difficulty in starting), and motor
impact on image quality (RF interference and image distortion). The distance at which
any of the above criteria were compromised was deemed to be the limiting distance
the motor could be placed to the MRI scanner.
The impact on performance when moving the motor further inside the B-field was
quantified by measuring revolutions per minute (RPM) using a tachometer. The motor
was positioned parallel to the fringe field at 1.8 m and 0.6 m from the MRI scanner.
Change in shaft rotation speed was measured for three initial RPM’s of 130, 380 and
580.
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Materials Testing
Initially, a combination of stainless steel and aluminium was chosen for ease of manufacturing and strength under load while still being MR safe. The components were
individually tested to assess the impact of metal within the imaging volume on both
image distortion and loss in radio-frequency signal as shown in figure 6.6.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 6.6: Fabrication material testing (a) Plastic pole and aluminium plate (b)
Aluminium hollow bar (c) Aluminium 6mm pressed plate (d) Aluminium 6mm pressed
plate angled (e) Aluminium 15mm plate (f) Stainless steel pole.
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Aluminium Base Assembly and Fibreglass Patient Bed
Following preliminary materials testing, an aluminium base assembly and fibreglass
bed were fabricated as shown in figure 6.7.

(a)

(b)

(c)

Figure 6.7: (a) Aluminium base plate assembly (b) Fibreglass bed only (c) Bookends
which house the drive assembly.
For each of the configurations above, a T2-weighted image was acquired to assess RF
signal intensity and geometric distortion.

6.2.4

Prototype 2 - Couch Rotation

Following the results from the first prototype tests, a second design was developed
where the base assembly was fabricated from fibreglass as shown in figure 6.8. The
couch was supported with an aluminium structure which remained below the imaging
volume to prevent RF attenuation.
To test the impact of couch rotation angle, RF uniformity images, B0 field maps and
SNR calculations were performed with the couch positioned at 0, 90 and 180 degrees
using the spherical water phantom. The vertical couch height was adjusted at each
angle to ensure the spherical phantom remained at the imaging isocentre which was
verified with in-room lasers (figure 6.9).
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(b)

Figure 6.8: (a) Patient rotation system prototype comprised of primarily fibreglass.
(b) The structure is supported by an aluminium base which sits below the imaging
volume.

Figure 6.9: Imaging tests of the patient rotation system at various rotations. A
radiotherapy thermoplastic mask was mounded onto the spherical phantom to secured
to the patient rotation system and allowed the phantom to be imaged at several PRS
angles.
Image Uniformity
Image uniformity, which is influenced by the RF receiver coil sensitivity, was calculated by comparing the mean signal within a circular ROI in the centre of the spherical
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phantom with pixel intensities within the entire phantom (in the axial plane) as previously described by Liney et al. [227]. The ROI had a surface area equal to 10% of
the total phantom area. Uniformity was represented in three colours - white, orange
and red for signal within ± 10%, ± 15% and ± 20% of the mean ROI, respectively.

B0 field mapping
The B0 field maps were generated via a gradient field mapping sequence which acquired two images with TE’s of 10 ms and 17.22 ms. The field mapping sequence
acquired both magnitude and phase images, the later was used to produce B0 field
maps using the open source software SPM. Using SPM has the benefit of included
phase unwrapping as part of the algorithm. SNR was calculated for each couch angle
as described above using the magnitude image.

6.2.5

Prototype 3 - Extended Couch Travel

To allow the full translation such that the middle of the couch was able to reach
isocentre, so any section of anatomy can be imaged by changing the patient orientation
from head-first to feet-first, the couch had to extend beyond the MRI room through
an aperture in the Faraday cage (figure 6.10).
To evaluate the impact of increased image noise with different aperture sizes in the
Faraday cage, the SNR was calculated from three scenarios (figure 6.10):
1. Cage closed to obtain a baseline SNR value
2. A 48 cm × 50 cm aperture in the cage, which was the minimum required to
allow translation of the PRS
3. Entire RF side panel removed as a worst case scenario.
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(a)

(b)

Figure 6.10: Considered approaches for opening the side of the Faraday cage (a) A 48
cm × 50 cm aperture (b) Completely removing the side panel of the Faraday cage.
The tests were also performed with the Linear accelerator, which is the MRI-linac
radiation source and is located outside the Faraday cage, ON and OFF to assess the
impact of increased RF interference.
For each test, the spherical phantom was mounted to the fibreglass bed using a thermoplastic mask which was moulded to the phantom geometry as shown in figure 6.9.

6.3
6.3.1

Results
Prototype 1 Results

Brushed Motor
With the motor running in the room corner, no reduction in SNR or RF noise was
observed (ROI signal change: 1108 to 1109, SD: 44.9 SNR: 34.9 - 34.9). At 2 metres
from the magnet, spike noise testing was acceptable, however RF interference was
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present in the image, with both orientations of the motor relative to the B0 field.
Brushless Motor
With the motor running in the corner of the MRI room (approximately 5 metres from
the magnet), no reduction in SNR or RF noise was observed (ROI signal change: 1109
to 1113, SD: 48.6 SNR: 32.4 - 32.3). With the motor orientated perpendicular to
the fringe field, the RPM was affected between 1-1.5 metres from the scanner, while
imaging performance was compromised at 1.6 m.
Both imaging and motor performance remained acceptable to 1 m from the scanner
with the motor orientated parallel to the fringe field, however at this point force on
the motor exceeded the weight and required restraints.

RPM Proximity Tests
Proximity tests were carried out with the brushless motor and gearbox, since this was
shown to be the proffered option from the testing described above. The results are
summarised in table 6.2.
Table 6.2: Change in revolutions per minute (RPM) of the brushless DC motor for
reduced proximity to the MRI scanner for three motor speeds
Initial Motor
Speed
Low
Medium
High

RPM at 1.8 m

RPM at 0.6 m

130
380
580

115
415
640

Percentage
Change
-12%
+9%
+10%

Interestingly, the RPM decreased for the slow motor speed, but increased with the
higher motor speeds when the motor was brought closer to the MRI. It’s likely that
this is related to the variance of the fringe field strength with distance from the MRI the field has a near zero region close to the magnet as shown in figure 6.3. This spatially
varying field would affect the motor differently in each position from the MRI, which
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would appear to impact the RPM differently for increased RPM. A knocking sound in
the gearbox was also noted at the 0.6 m position, likely due to the MRI field applying
a force to internal components as described by equations 6.2 and 6.3.
It was concluded that the brushless motor design was preferred. The motor should
be positioned at least 1.6 metres from the scanner so imaging and motor performance
was maintained for any motor orientation.

Materials Testing
Feedback for table fabrication materials is shown in table 6.3.
It was determined that aluminium plate should not be placed close to the transmit
receive coils to maintain signal as shown by figure 6.11. Aluminium hollow bar and
aluminium plate would be suitable, with sufficient spacings in the plate to allow RF
transmission. Plastic and stainless steel pole did not affect image quality. Based
on these results, aluminium, stainless steel and acrylics were deemed suitable for the
PRS build, however the volume of metal in the imaging volume should be kept to a
minimum.

Aluminium Base Assembly and Fibreglass Patient Bed
After inserting the aluminium base into the magnet, no RF signal was attainable,
regardless of the orientation of the baseplate within the magnet. Imaging with only
the fibreglass bed had no impact on image quality. An imaging signal was obtained
with the fibreglass bed and the aluminium bookends which house the drive mechanism,
however the image quality was inadequate (figure 6.12).
Earlier testing and the results here highlighted the requirement to reduce the volume
of aluminium in the imaging volume to prevent attenuation of the RF signal. Further
testing of only the aluminium side rails inside the imaging volume still resulted in loss

No spike noise
present

Reduced SNR at the
bottom of the image
Further reduction in
SNR as the plate is
closer to the coils (see
figure 6.11
No SNR loss unless No spike noise
the plate was directly present
over the coil
All tests OK

(c) 6mm Aluminium plate

(d) 6mm Aluminium plate inclined

(f) Stainless steel pole

(e) 15mm Aluminium plate

Spike Noise

Material
Signal to Noise
(a) Plastic pole and Aluminium All tests OK
plate
(b) Aluminium hollow bar
All tests OK

Table 6.3: Material testing results
Additional Comments

Some distortion Better results than for
present
15mm plate.
Material
thickness less of a concern
than surface area

Material suitable for use inside the magnet (outside
FOV)
Small amount of Possibly feasible if the plate
distortion was contained clear sections for
visible
RF transmission
Not suitable

Trufi Imaging
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Figure 6.11: Image with the 6mm aluminium plate below the imaging volume (left)
and with the plate inclined closer to the transmit/receive coil (right). Note the signal
loss at the base of the phantom due to the aluminium plate and the poor SNR when
the Al plate was inclined.

(a)

(b)

Figure 6.12: Image of the spherical phantom with (a) Fibreglass bed and bookends (b)
Fibreglass bed only. The RF signal was attenuated by the presence of the aluminium
blocking the transmit receiver coils, however the fibreglass bed did not have an impact
on the RF signal.
of signal, however by moving the rails outside of the imaging volume but still within
the magnet, RF signal was maintained.
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Prototype 2 Results

Image Uniformity
Image uniformity for the 0, 90 and 180 degree couch positions are shown in figure 6.13:

Figure 6.13: Image uniformity at couch rotations of 0, 90 and 180 degrees. White,
yellow and red represent signal within ± 10%, ± 15% and ± 20% of the mean ROI,
respectively.
The signal loss was attributed to the metal drive shaft within the PRS bed which
delivers lift and rotation power to the far end of the couch. Shifting the vertical height
of the spherical phantom by 4 cm removed most of the signal non-uniformity from the
image as shown in figure 6.14.

B0 field mapping
The gradient echo images of the spherical phantom showed some signal loss and possible field distortion at the bottom of the phantom as shown in figure 6.15. The SNR for
the 0, 90 and 180-degree couch positions were recorded as 103, 95 and 87 respectively
(note that these SNR values are higher than previous SNR tests because a different
imaging sequence was used).
The artefact on the bottom of the phantom was not visible for spin echo based sequences, which are less susceptible to field non-uniformity. Therefore, if gradient based
sequences are required with the patient rotation system, a lower vertical height may
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Figure 6.14: MR-image and corresponding RF uniformity image with the rotating
couch at the 180-degree position before (top) and after (bottom) a 4 cm vertical shift
in the couch and phantom position. Increasing the vertical height moved the phantom
away from the metal drive shaft in the rotating couch bed which was producing a
slight field non-uniformity.
be necessary due to the signal loss caused by the drive shaft of the rotating couch.

Figure 6.15: Gradient echo images of the uniformity phantom for couch angles of 0,
90 and 180 degrees. The distorted field is visible on the base of the phantom.
B0 field maps at the 0, 90 and 180 degree couch positions are shown in figure 6.16:
Frequency differences of 76 Hz (1.52 ppm), 83 Hz (1.95 ppm) and 79 Hz (1.64 ppm)
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Figure 6.16: B0 maps of the 0, 90 and 180-degree couch positions. Images were
generated using the open source software package SPM. The distortion is visible at
the base of the phantom.
were observed for the respective couch angles. For the imaging bandwidth of 260 Hz
per pixel, this corresponds to ≈ 0.3 pixels of distortion or 0.7 mm for the pixel width
of 2.3 mm.

6.3.3

Prototype 3 Results

Comparison of SNR values with the rotating couch at the 0-degree position and different Linatron and RF cage scenarios are shown in table 6.4:
Table 6.4: Comparison of signal-to-noise ratio with the Linatron ON/OFF and varying
apertures in the Faraday cage
Test Settings
RF cage closed and Linantron OFF
RF cage closed and Linatron ON
RF cage open and Linatron ON
48 cm × 55 cm aperture in RF cage and Linantron ON

SNR
32
31
6
29

Completely removing the side panel from the Faraday cage caused a reduction in SNR
from 31 to 6. However, with the 48 cm × 50 cm aperture, the SNR was equivalent to
the closed cage, even with the Linatron ON. It was concluded that the 48 cm × 55 cm
aperture in the Faraday cage would allow sufficient PRS clearance while maintaining
MR image integrity.
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Summary

An initial exploratory phase of development for a patient rotation system for the
Australian MRI-Linac has been completed. Prototype 1 testing demonstrated that
the device should contain as little metal as possible within the imaging volume as it
will compromise the magnetic field uniformity and RF signal intensity.
A prototype 2 fibreglass base assembly was developed and demonstrated sufficient
image quality for spin echo sequences. Rotation angle of the couch did not substantially impact image quality. Gradient echo sequences, or sequences heavily reliant on
balanced phase experienced some field non-uniformity close to the rotating couch bed
and for such sequences, a lower vertical imaging limit may need to be set. A 48 ×
55 cm2 aperture in the Faraday cage to allow the necessary extended couch travel did
not increase RF noise in the image.
Future work will include the development of a patient retention system, and remote
control of translation, lift and rotation of the couch from the external MRI-Linac
control room. Once the system is complete, the impact of the rotating couch on
radiation delivery will be assessed.

Chapter 7
Summary
7.1

Quantify the magnitude and variability of pelvic
deformation due to horizontal rotation

In chapter 3, rigid and non-rigid anatomical deformations during horizontal rotation
were quantified for a cohort of eight healthy volunteers. Compared with the supine setup position, mean pelvis rotations were within ± 2.5◦ in all cases following re-alignment
of the rotating couch to the zero-degree position. The average magnitude of pelvic
translations across all rotation angles was between 5.8 ± 2.9 mm and 30.0 ± 11.0 mm.
Translational motion was most significant in the left−right (LR) direction. Smaller
translations were observed in the anterior−posterior (AP) and superior−inferior (SI)
directions.
Maximum non-rigid anatomical deformations were in the range of 10.0 ± 0.9 mm to
28.0 ± 2.8 mm. Average non-rigid deformations were in the range of 2.3 ± 0.6 mm
to 7.5 ± 1.0 mm. Average non-rigid deformation was correlated with the volunteers
body mass index (correlation coefficient 0.84, p = 0.01). Non-rigid deformations were
greatest around the external body contour and would change the water equivalent
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7.2. Quantify the magnitude of organ motion caused by horizontal rotation and
evaluate the impact on a radiation treatment
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depth and potentially compromise a treatment if not accounted for.

7.2

Quantify the magnitude of organ motion caused
by horizontal rotation and evaluate the impact
on a radiation treatment

In chapter 4, prostate, rectum and bladder motion before and after rigid alignment
of the rotating couch to the supine position was quantified. The impact of this organ
motion, and the external body deformation shown in chapter 3 on a prostate IMRT
treatment plan were assessed and three adaptive methods were compared: no adaption,
rigid shift to the prostate and plan re-optimisation.
Following re-alignment of the rotating couch to the zero-degree position, prostate
centroid motion up to 60 mm LR and 40 mm AP and 25 mm SI relative to the
supine position was observed. After correcting for motion of the participant within
the rotating couch airbag supports, internal organ motion was found to be greatest
at the 180-degree (prone) couch position and occurred predominantly in the superioranterior direction with prostate motion up to 14 mm SI and 15 mm AP.
When comparing three plan adaption scenarios, no treatment plan adaption resulted
in a significantly reduced target coverage and in some cases an increase in rectum
dose. Rigidly aligning treatment iso-centers to the prostate for each couch position
gave improved dose coverage across each couch angle with a small but statistically
significant decrease in target dose metrics compared to the supine treatment plans.
Dose metrics were in agreement with the supine plans following plan re-optimisation
with no substantial change in the treatment plan segments or weightings. Rectum
dose was reduced at the prone couch positions for rigidly aligned and re-optimised
plans, while the bladder dose was not impacted by couch angle.

7.3. Quantify the tolerability of patients to horizontal rotation within an MRI using
psychometrically validated questionnaires and exit interviews
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Prostate-guided rigid alignment is a requirement if prostate IMRT is to be safely
delivered using patient rotation. Plan re-optimisation for each couch angle to account
for anatomical deformations can further improve target coverage.

7.3

Quantify the tolerability of patients to horizontal rotation within an MRI using psychometrically validated questionnaires and exit interviews

Nineteen participants (10 healthy and 9 former cancer patients) were rotated within
a horizontal patient rotation system and concurrently imaged within an MRI scanner.
No substantial increase in anxiety or motion sickness due to rotation and imaging was
observed. No correlation was present between baseline claustrophobia and anxiety or
motion sickness. Comfort was the largest area of concern and depended heavily on
the participants set-up position. Overall experience was generally well tolerated and
most participants (17/19) would accept rotation as part of a radiotherapy treatment.
While this study provides initial evidence for the acceptance of rotation within an
MRI scanner, further research is required to assess the tolerability across patients
with varying demographics, disease sites and co morbidities. Establishing the broader
feasibility of patient rotation will support clinical implementation of this technology,
which could globally impact the practice of radiation oncology.

7.4. Develop and test the first prototype patient rotation system for the Australian
MRI-Linac
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7.4

Develop and test the first prototype patient rotation system for the Australian MRI-Linac

An initial exploratory phase of development for a patient rotation system for the Australian MRI-Linac has been undertaken. It was determined that the device should
contain as little metal as possible within the imaging volume as it compromised the
magnetic field uniformity and RF signal intensity. A prototype fibreglass base assembly, which is controlled with brushless DC motors, has been developed and tested and
was found to not have a substantial impact on image quality or geometric distortion
for spin echo sequences. Images from gradient echo sequences, or balanced gradient
sequences, showed some field non-uniformity close to the rotating couch bed and for
such sequences, a lower vertical imaging limit may need to be set.
The next steps in the couch development are the integration of a patient retention
system, and to enable the ability to control the couch translation and rotation remotely.
Once the system is complete, radiation attenuation characteristics for the couch will
be assessed, and MR-guided on-line adaption methods tested.
Though the magnet of the Australian MRI-Linac cannot be repositioned, volunteers
can be positioned in a standing/upright position. Future studies have been initiated
to investigate the feasibility of upright imaging and treatment, including appropriate
immobilisation and appropriate pulse sequences.

7.5

Discussion and Future Work

They say it’s not a PhD unless it opens at least three more PhD’s, and that is certainly
the case from this work. In this thesis, the impact of horizontal rotation on pelvic
anatomical deformation, organ motion and treatment planning has been quantified
for a small cohort of healthy and patient volunteers on a clinical MRI scanner and
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a bespoke patient rotation system. It was found that, while anatomical changes can
be substantial, rigid shifts of the patient position and plan re-optimisation can adapt
to the changing anatomy. For the cohort studied, most found the experience to be
tolerable and would be accepting of rotation within an MRI scanner if required for
their treatment.
The next phase of this work is to translate to a prototype device which can deliver
gantry-free radiation therapy using patient rotation under MR-guidance. The initial
design of a rotating couch which is functional within the Australian MRI-Linac has
been described. When this couch is completed, the Australian MRI-Linac will be the
world’s first fixed-gantry high-field in-line MRI-Linac capable of delivering multiple
field x-ray therapy under MR-guidance. This device will allow the investigation of
several further research questions, such as:
1. Other Treatment Sites?: This thesis focused on the pelvis primarily because
this site is of most interest in MR-only planning and sCT generation at this
time, and the necessary software (i.e. atlas based auto-segmentation and sCT
generation) was already in place. It’s also of interest from a horizontal rotation
standpoint because of the range of soft-tissue motion that occurs. As the technology becomes more developed for other anatomical sites, such as the abdomen
and thorax, it would be of great interest to repeat the work undertaken here to
investigate the feasibility of horizontal rotation for these sites.
2. Upright Rotation?: As outlined in the literature review, there are two approaches to patient rotation - horizontal (as described here) or upright. The
Australian MRI-Linac is ideal to explore the feasibility of both approaches, since
standing and lying are both possible within the MRI scanner. It would be of
interest to compare organ motion, and the quality of deliverable plans in both
these orientations, for a range of anatomical sites.
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3. What Fraction of Patients Are Eligible For Gantry-Free Treatments?:
As described in chapter 5, patient rotation may not be suitable for some patients for reasons such as sickness, patient size, or the treatment site may not
be practical (i.e. breast). For MR-guidance, further limitations include MRI
compatibility of the patient, geometric constraints of the MRI, (which in turn
restricts the dimensions of the PRS), and claustrophobia. A broad study should
be undertaken where patients receiving radiation treatment across a department
are screened to determine what fraction would be suitable in the first instance.
Of those patients, a study could be performed as described in chapter 5 to assess
the acceptance for treatment, which should include simulating a multiple field,
adaptive treatment, delivered over several fractions. For instance, each time
a patient comes for their treatment, they may undergo a ‘simulated treatment
session’ on the MRI-linac. Such a study would better inform the feasibility of
gantry-free treatments generally.
4. Could an Effective Treatment be Delivered with Fewer Patient Angles?: With the benefits of MR-guidance and real-time adaption, it may be
possible to deliver a high quality plan with fewer patient angles. A study could
be undertaken to identify which angles are typically required for several treatment sites (to identify cancers where a low number of angles are already used)
and compare plan quality for treatments with the conventional number of fields
versus a reduced number of fields (possibly with tighter margins or higher doses).
5. Real-time Plan Adaption: To account for the changing anatomy during rotation of the patient, it has been shown in this thesis that plan optimisation at each
couch angle improves target coverage. To verify the delivered dose, a method will
be needed to deformably register the doses from each couch angle to accumulate
the final dose and compare that to what was planned. This will necessitate good
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image quality to ensure as accurate DIR as possible, since errors of only mm
could produce erroneous dose accumulations because of the steep dose gradients
around the contours [49]. Kontaxis et al. suggests a novel approach where beam
segments are iteratively optimised on-line during a treatment delivery, and the
dose already delivered during the treatment is removed from the planned dose
used for optimisation during each iteration [64]. The method described by Kontaxis et al. could be extended to allow arc therapy, and has been shown to be
feasible [279, 280].
6. Interplay of Couch Scatter and Magnetic Field on Surface Dose: This
thesis did not consider the dosimetric impact of the MRI field or attenuation of
the PRS [105]. As mentioned in section 2.3.2, the magnetic field will impact the
delivered dose and dose calculation engines for MR-Linac systems should account
for these changes [48]. For the Australian MRI-Linac, conventional treatment
planning systems may be able to model the radiation beam accurately beyond
the build up region where electron focusing occurs, in densities similar to water.
The PRS may however produce secondary electrons via Compton scattering and
photoelectric absorption, which will be affected by the B field due to the Lorenz
force [123, 124]. The scatter may also depend on the PRS rotation angle and/or
position within the MRI bore as the beam traverses different parts of the design.
Since the PRS contains only low density fibreglass where it will intersect with
the x-ray beam, attenuation should not be a major concern, but should none
the less be included in a treatment planning study. Dosimetry should also be
performed on the PRS to experimentally characterise the impact of couch scatter
on patient dose, and compare this to the TPS [114].
Since lateral translation of the PRS within the MRI is limited by the geometric
constraints of the MRI, some fields may need to be delivered off-axis for non-
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central lesions [160]. This non-isocentric treatment is already common for arc
based treatments [281] and the Unity MRI-Linac system is required to shift
MLC segments to compensate for the lack of table translation [237]. Off-axis
treatments have already been suggested for the Australian MRI-Linac to reduce
the skin dose due to electron focussing caused by the magnets fringe field [126].
7. Non-Coplanar Fields: Since this system is unable to deliver non-coplanar
fields, it’s possible that some treatments may be inferior to a conventional system
[160]. It has been shown previously that Tomotherapy systems are able to deliver
quality plans without non-coplanar fields [282, 283]. This limitation also applies
to existing commercial MRI-Linac systems, and no loss of plan quality has been
reported. It’s likely that the gains which can be achieved with real-time MRguidance, such as reduced margins and higher delivered dose, outweighs any
losses by not having the ability to deliver non-coplanar fields. However, this
could be verified via a treatment planning study.

7.6

Conclusion

This thesis has explored horizontal patient rotation for external beam pelvic radiation
therapy. Global rigid motion and non-rigid soft tissue deformation was present during
rotation which could be several cm in magnitude depending on the participant and
if unaccounted for, would compromise treatment. Rigid on-line guidance can correct
most of the dosimetric impacts of the motion, however re-optimisation of the treatment
plan at each rotation angle of the patient further improves target dose coverage.
Despite the combination of MRI and rotation, most patient and healthy participants
were accepting of the experience. The main concern among the participants was
discomfort.
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Finally, initial development of a rotating couch for a high-field MRI-Linac has been
performed and a design which meets imaging and safety requirements was described.
The presence of metal within the imaging volume attenuated/blocked the RF signal
and replacing most metal components with a material with favourable magnetic properties was necessary. For the design presented in this thesis, fibreglass was chosen as a
readily available material with the necessary structural and magnetic properties. The
metal couch supporting structure does not compromise the image provided it is placed
outside the imaging volume.
This thesis presents initial scientific and engineering work which is critical for the next
stages of developing gantry-free radiation therapy. Gantry-free systems incorporating
horizontal patient rotation would result in more cost-effective linacs and greater clinical
uptake of proton and heavy ion facilities which would reduce price and potentially
enable more patient accessibility to what is currently high cost high end treatments.
This thesis does not provide all the solutions required for gantry-free RT, but it has
significantly advanced the understanding of the area of research by analysing and
quantifying the impact of rotation utilising real human data.
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A.1. Claustrophobia Questionnaire (CLQ)

A.1
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Claustrophobia Questionnaire (CLQ)[264]
Not at all
Anxious

Slightly
Anxious

Moderately
Anxious

Very
Anxious

1

Swimming while wearing a nose
plug

0

1

2

3

2

Working under a sink for 15 minutes

0

1

2

3

3

Standing in an elevator on the
ground floor with the doors closed

0

1

2

3

4

Trying to catch your breath during
vigorous exercise

0

1

2

3

5

Having a bad cold and finding it difficult to breathe through your nose

0

1

2

3

6

Snorkelling in a safe practice tank
for 15 minutes

0

1

2

3

7

Using an oxygen mask

0

1

2

3

8

Lying on a bottom bunk bed

0

1

2

3

9

Standing in the middle of the 3rd
row at a packed concert realizing
that you will be unable to leave until the end

0

1

2

3

10

In the centre of a full row at a cinema

0

1

2

3

11

Working under a car for 15 minutes

0

1

2

3

12

At the furthest point from an exit
on a tour of an under-ground mine
shaft

0

1

2

3

13

Lying in a sauna for 15 minutes

0

1

2

3

14

Waiting for 15 minutes in a plane
on the ground with the door closed

0

1

2

3

15

Locked in a small DARK room
without windows for 15 minutes

0

1

2

3

16

Locked in a small WELL LIT room
without windows for 15 minutes

0

1

2

3

17

Handcuffed for 15 minutes

0

1

2

3

18

Tied up with hands behind back for
15 minutes

0

1

2

3

19

Caught in tight clothing and unable
to remove it

0

1

2

3

20

Standing for 15 minutes in a straitjacket

0

1

2

3

21

Lying in a tight sleeping bag enclosing legs and arms, tied at the neck,
unable to get out for 15 minutes

0

1

2

3

22

Head first into a zipped up sleeping
bag able to leave whenever you wish

0

1

2

3

23

Lying in the trunk of a car with air
flowing through freely for 15 minutes

0

1

2

3

24

Having your legs tied to an immovable chair

0

1

2

3

25

In a public washroom and the lock
jams

0

1

2

3

26

In a crowded train which stops between stations

0

1

2

3

Extremely
Anxious
4
4
4
4
4
4
4
4
4

4
4
4

4
4
4
4
4
4
4
4
4

4
4

4
4
4

A.2. Modified State/Trait Anxiety Inventory (STAI)

A.2
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Modified State/Trait Anxiety Inventory (STAI)[265]

A number of statements which people have used to describe themselves are given
below. Read each statement and then circle the most appropriate number to the right
of the statement to indicate how you feel right now, at this moment. There are no
right or wrong answers. Do not spend too much time on any one statement but give
the answer which seems to describe your present feelings best.

1
2
3
4
5
6

Statement
I feel calm
I am tense
I feel upset
I am relaxed
I feel content
I am worried

Not
Not
Not
Not
Not
Not

at
at
at
at
at
at

all
all
all
all
all
all

Response
Somewhat
Somewhat
Somewhat
Somewhat
Somewhat
Somewhat

Moderately
Moderately
Moderately
Moderately
Moderately
Moderately

Please make sure that you have answered all the questions.

Very
Very
Very
Very
Very
Very

Much
Much
Much
Much
Much
Much

A.3. Fast Motion Sickness Test (FMS)

A.3
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Fast Motion Sickness Test (FMS)[266]

Please rate your current level of nausea on a scale from 0?20. 0 is when you don’t feel
any nausea at all; everything is fine. 20 is when you feel terrible and very sick. During
the study, we will ask you to verbally rate you levels of nausea using the same scale.

A.4. Participant Comfort Questionnaire

A.4
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Participant Comfort Questionnaire

Read each statement and then circle the most appropriate number to the right of the
statement to indicate how you feel right now, at this moment. There are no right
or wrong answers. Do not spend too much time on any one statement but give the
answer which seems to describe your present feelings best.

1
2
3
4
5

Statement
The rotating system was
better than expected
The rotating system was
tolerable
My comfort became worse
over time
I was in discomfort
My comfort depended on
the couch position

Not at all

Response
Somewhat

Moderately Very Much

Not at all

Somewhat

Moderately Very Much

Not at all

Somewhat

Moderately Very Much

Not at all
Not at all

Somewhat
Somewhat

Moderately Very Much
Moderately Very Much

Which couch positions were you MOST comfortable? Please number each position
from 1 to 5, where 5 was most comfortable, and 1 the least comfortable position. Do
not assign the same value to more than one position:
Lying position
Lying on my back
Lying on my stomach
Lying on my left side
Lying on my right side
Positions in between lying on my side and lying on my back or
stomach

Scores

Hypothetically, would you be prepared to undergo radiation therapy if it required the
participant rotation system? (please circle one) (Note: Your response is for the
purpose of this study only. The rotating device WILL NOT be used during
your treatment):
Yes

No

Appendix B
Australian MRI-Linac Patient
Rotation System Design Criteria
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Design Criteria

Acceptance Criteria

Horizontal rotation about the axial coordinate (roll)

PRS can rotate a patient 360 degrees horizontally. Option to rotate patient in the yaw plane 180 degrees
outside MRI bore with ± 90 degrees of horizontal rotation

Rotation to fixed positions

Better than 1 degree accuracy and precision

Axial motion to insert patient in and out of the MRI

Better than 1 mm accuracy and precision Translation

(translational motion)

range > 1m (to be measured) both from outside to
inside and around the isocentre

Vertical motion to adjust height of the system

Better than 1 mm accuracy and precision.
40cm (To be measured-revised if necessary).

Range
Ide-

ally to drop/lower these PRS outside of bore for ingress/egress
Laser indexing markings

Accurate markings which allow re-positioning of the
PRS using lasers in the room for each degree of freedom of motion (height, rotation, translation)

Complete MRI compatibility:
1. No RF emission (no electrical wires/devices

• PRS does not emit any RF

without tested RF shielding).
• PRS does not interact with the magnetic field
2. No ferromagnetic materials.

No materials

which will perturb the magnetic field homogeneity.
3. No carbon fibre due to attenuation of RF sig-

• PRS contains no carbon fibre
• Demonstrated operation in magnetic field environment

nal (and minimise RF attenuation)
4. PRS is not affected by magnetic field any encoders, motors, power sources etc. are MRI
compatible

PRS not affected by MRI RF or magnetic field
MRI and patient rotation working simultaneously

Demonstrated compatibility with the system
Desirable but unlikely. Can assume that use PRS then
MRI sequentially

Minimal flexion under patient load

Less than 1 mm of bend along the length of the PRS
when loaded with a patient

Safe and simple for manual handling

PRS can be transported and installed by two persons
and operated by a single person (desirable)

172

System is open and patient friendly. Ingress and egress

Patient is able to get in and out of the PRS freely and

for the patient should be as simple/patient friendly as

without restriction in under 30 seconds

possible
Use of radiation attenuating/scattering materials,

No large metal or thick plastic components above or to

such as metals or thick components should be min-

the side of the patient. No metal components within

imised and/or designed to be away from the treatment

the MRI imaging volume

beam (i.e on the bottom of the PRS)
PRS is fully automated

Automated rotation, height adjustment and translation, airbag inflation/deflation (if utilised) etc No
manual positioning is required. Control from console
room

Patient face visible with in-room monitoring for as

Desirable to have patient face visible on in-room mon-

high a proportion of time as reasonable

itors as much as reasonably possible

Ability to load non-ambulatory patients

Desirable but low priority

Maximise patient size

Constrained by size max 100 kg OK but the more patients eligible the better

Safety: Electrical, pinching, comfort, part/electrical

Demonstrated manual override. Device can be manu-

failure, manual override etc etc etc

ally operated in the case of a failure

Table B.1: Design criteria for the patient rotation system for the Australian MRI
Linac.
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W. Burkard, M. Di Michiel, V. Djonov, D. Slatkin, J. Stepanek et al., “Applications of synchrotron x-rays to radiotherapy,” Nuclear Instruments and Methods
in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, vol. 548, no. 1-2, pp. 17–22, 2005.
[4] E. Engels, N. Li, J. Davis, J. Paino, M. Cameron, A. Dipuglia, S. Vogel, M. Valceski, A. Khochaiche, A. OKeefe et al., “Toward personalized synchrotron microbeam radiation therapy,” Scientific reports, vol. 10, no. 1, pp. 1–13, 2020.
[5] T. Kairn, “Patient rotation during linac-based photon electron radiotherapy,”
Journal of Medical Imaging and Radiation Oncology, vol. 62, no. 4, pp. 548–552,
2018.
[6] D. A. Jaffray, “Image-guided radiotherapy: from current concept to future perspectives,” Nature Reviews Clinical Oncology, vol. 9, no. 12, pp. 688–699, 2012.

173

References

174

[7] D. Yan, “Image-guided/adaptive radiotherapy,” in New Technologies in Radiation Oncology. Springer, 2006, pp. 321–336.
[8] J. E. Reiff, M. Werner-Wasik, R. K. Valicenti, and M. S. Huq, “Changes in
the size and location of kidneys from the supine to standing positions and the
implications for block placement during total body irradiation,” International
Journal of Radiation Oncology *Biology* Physics, vol. 45, no. 2, pp. 447–449,
1999.
[9] W. S. Ball, J. Wicks, and F. Mettler Jr, “Prone-supine change in organ position:
CT demonstration,” American Journal of Roentgenology, vol. 135, no. 4, pp.
815–820, 1980.
[10] B. Liu, F. A. Lerma, S. Patel, P. Amin, Y. Feng, B. Y. Yi, and C. Yu, “Dosimetric
effects of the prone and supine positions on image guided localized prostate
cancer radiotherapy,” Radiotherapy and Oncology, vol. 88, no. 1, pp. 67–76,
2008.
[11] J. R. Olsen, P. J. Parikh, M. Watts, C. E. Noel, K. W. Baker,
L. Santanam, and J. M. Michalski, “Comparison of dose decrement from
intrafraction motion for prone and supine prostate radiotherapy,” Radiotherapy
and Oncology, vol. 104, no. 2, pp. 199–204, 2012. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0167814012002708
[12] C. Bangard, J. Paszek, F. Berg, G. Eyl, J. Kessler, K. Lackner, and A. Gossmann, “MR imaging of claustrophobic patients in an open 1.0 T scanner: motion
artifacts and patient acceptability compared with closed bore magnets,” European Journal of Radiology, vol. 64, no. 1, pp. 152–157, 2007.

References

175

[13] R. C. Katz, L. Wilson, and N. Frazer, “Anxiety and its determinants in patients
undergoing magnetic resonance imaging,” Journal of Behaviour Therapy and
Experimental Psychiatry, vol. 25, no. 2, pp. 131–134, 1994.
[14] W. D. D’Souza, K. T. Malinowski, S. Van Liew, G. D’Souza, K. Asbury, T. J.
McAvoy, M. Suntharalingam, and W. F. Regine, “Investigation of motion sickness and inertial stability on a moving couch for intra-fraction motion compensation,” Acta Oncologica, vol. 48, no. 8, pp. 1198–1203, 2009.
[15] R. A. Sweeney, W. Arnold, E. Steixner, M. Nevinny-Stickel, and P. Lukas, “Compensating for tumor motion by a 6-degree-of-freedom treatment couch: is patient
tolerance an issue?” International Journal of Radiation Oncology *Biology*
Physics, vol. 74, no. 1, pp. 168–171, 2009.
[16] J. Wilbert, K. Baier, A. Richter, C. Herrmann, L. Ma, M. Flentje, and M. Guckenberger, “Influence of continuous table motion on patient breathing patterns,”
International Journal of Radiation Oncology *Biology* Physics, vol. 77, no. 2,
pp. 622–629, 2010.
[17] B. Whelan, M. Welgampola, L. McGarvie, K. Makhija, R. M. Turner, L. Holloway, I. Feain, M. Jackson, M. Barton, and P. Keall, “Patient reported outcomes
of slow, single arc rotation: Do we need rotating gantries?” Journal of Medical
Imaging and Radiation Oncology, 2017.
[18] R. Baskar, K. A. Lee, R. Yeo, and K.-W. Yeoh, “Cancer and radiation therapy: current advances and future directions,” International Journal of Medical
Sciences, vol. 9, no. 3, p. 193, 2012.
[19] M. B. Barton, S. Jacob, J. Shafiq, K. Wong, S. R. Thompson, T. P. Hanna,
and G. P. Delaney, “Estimating the demand for radiotherapy from the evidence:

References

176

a review of changes from 2003 to 2012,” Radiotherapy and oncology, vol. 112,
no. 1, pp. 140–144, 2014.
[20] P. Metcalfe, T. Kron, and P. Hoban, The Physics of radiotherapy X-rays and
electrons. Medical Physics Publishing, 2012.
[21] J. F. Fowler, “The linear-quadratic formula and progress in fractionated radiotherapy,” The British Journal of Radiology, vol. 62, no. 740, pp. 679–694, 1989.
[22] I. Turesson, J. Carlsson, A. Brahme, B. Glimelius, B. Zackrisson, B. Stenerlöw,
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